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In  spite  of  the  broad  use  of  a  vacuum  as  an 
insulator,  and  numerous  studies  on  the  subject,  there 
is  still  no  single  generally  accepted  theory  for  the 
mechanism  of  the  development  of  discharges  along  a  solid 
dielectric  placed  in  a  vacuum.  This  work  systematizes  and 
discusses  the  effect  of  some  particular  factors  on  the 
mechanism  of  discharge  and  on  the  electric  strength  of 
the  vacuum-solid  dielectric  system.  Results  of  our 
investigations  form  the  basis  of  a  discussion  of  the 
effects  of  pressure,  sample  length,  metallization  of  the 
surface  of  the  contact  sample-electrode,  and  ways  of 
conditioning  the  potential  of  flashover. 

The  results  are  given  and  analyzed  of  investigations 
on  surface  strength  of  thermoplastic  dielectrics  (poly¬ 
methylmethacrylate,  polytetraf'luoroethylene  and  poly¬ 
ethylene)  at  switching  and  surge  overvoltages,  considering 
the  time  of  duration  of  the  wave  front  and  the  number  of 
switching  surges.  The  author  presents  his  own  mechanism 
for  the  development  of  discharges  along  the  investigated 
materials  placed  in  a  vacuum,  and  derives  the  mathematical 
dependence  for  the  flashover  potential  along  a  solid 
dielectric  in  a  vacuum  as  a  function  of  the  time  of  duration 
of  the  switching  surge  wave  front . 

Studies  of  the  mechanism  for  the  development  of  dis¬ 
charge  have  been  expanded  by  measurements  of  the  degree 
of  degradation  of  surfaces  of  solid  dielectrics. 

Oscillograms  on  the  course  of  consecutive  switching  surges 
are  obtained  and  analyzed.  Photographs  are  sh'wn  of  the 
degradation  of  surfaces  of  the  investigated  solid  dielectrics . 
They  were  obtained  by  an  electron  microscope,  with  flash 
overs  at  direct  and  alternating  potentials. 
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1.  INTRODUCTION 

During  the  last  two  decades,  there  has  been  broader 
and  broader  use  of  a  vacuum  as  an  element  of  electroinsula¬ 
tion  systems.  Vacuum  is  used  in  electric  power  equipment,  for 
instance  in  vacuum  switches,  cryogenic  cables  and  vacuum  dis¬ 
tributors,  and  in  research  instrumentation,  such  as  vacuum 
lamps.  X-ray  lamps,  electron  microscopes,  accelerators,  etc. 

The  operation  of  any  electric  equipment  with  a  vacuum  as 
an  insulator  requires  a  vacuum  chamber,  whose  walls  are  made 
of  some  insulating  material,  or  the  construction  of  a  passage 
insulator  for  a  metallic  vacuum  chamber.  In  some  vacuum  systems, 
the  high  voltage  cable  has  to  be  mechanically  supported  by  a 
solid  dielectric  -  spaced  insulator. 

A  solid  dielectric  system  between  electrodes  placed  in  a 
vacuum  has  lower  electric  strength  than  a  system  of  two  electrodes 
with  the  same  gap  length  between  them.  An  understanding  of 
the  jump  (flashover)  mechanism  along  the  surface  of  solid 
dielectrics  is  of  considerable  scientific  importance,  since  the 
surface  of  dielectrics  is  usually  the  weakest  root  in  vacuum 
insulation  systems. 

Recent  years  have  seen  many  studies  of  the  flashover 
mechanism  along  the  surface  of  solid  dielectrics  in  a  vacuum. 
Studies  were  also  made  of  various  factors  influencing  the 
flashover  potential,  such  as  the  type  of  insulation  material, 
the  sample  shape,  and  the  type  of  contact  between  the  electrodes 
and  the  solid  dielectric. 

In  spite  of  the  broad  use  of  a  vacuum,  and  many  studies 
in  this  area,  there  is  still  no  single,  generally  accepted 
theory  for  the  development  of  discharges  along  the  insulation 
material  placed  in  a  vacuum.  There  is  also  no  uniform  view 
on  the  effect  of  particular  factors  upon  the  mechanism 
of  this  discharge,  and  upon  the  electric 


strength  of  the  vacuum-solid  dielectric  system. 

When  studying  the  literature  in  this  field  one  can  find  that 
there  are  many  disagreements  in  reported  results  of  the  studies 
of  surface  strength  of  solid  dielectrics  in  vnuua  performed  by 
different  investigators.  The  cause  lies  in  different  experimental 
conditions  and  in  different  ways  of  conditioning  the  samples. 

One  of  the  factors  which  has  not  been  investigated  more 
thoroughly  is  the  dependence  of  the  potential  of  flashover 
on  the  type  of  potential  applied.  There  have  been  no  studies 
in  general  with  potential  sir  ating  the  switching  potential 
and  there  have  been  no  studies  of  the  effect  of  the  number  of 
switching  surges  on  change  of  the  surface  strength  of  thermo¬ 
plastic  dielectrics. 

Hence,  at  the  present  time,  the  topic  of  studies  of  electric 
surface  strength  of  solid  dielectrics  in  vacuum  still  remains 
an  open  topic  for  studies.  Previous  investigations  involved 
mainly  ceramic  dielectrics,  and  there  are  not  many  works  concerned 
with  strength  of  thermoplastic  dielectrics  in  vacuum.  So  far, 
some  studies  dealt  with  surface  strength  at  the  direct  potential 
and  lightning  surge,  and  in  the  last  years  also  at  alternating 
potential.  But  the  literature  contains  only  a  few  references 
to  works  concerned  with  surface  strength  of  solid  dielectrics 
in  vacuum  at  switching  potentials  [[52,  53,  54,  79]]  . 

The  problem  of  surface  strength  of  solid  dielectrics  in 
vacuum,  and  particularly  of  thermoplastic  dielectrics  at 
switching  overvoltages,  has  become  now  the  most  important  ana 
up-to-date  problem  because  of  the  construction  of  vacuum  electro- 
energetic  facilities  of  high  voltage,  and  particularly  of 
cryogenic  and  superconducting  cables  [ 40,  66 J  .  In  those 
cables,  vacuum  forms  the  basic  insulating  medium,  and  solid 
dielectric  is  utilized  as  a  support  between  the  conducting  parts 
[  1  ,  41  ,  42,  43,  65]  . 


In  Poland  studies  on  the  problem  of  surface  strength  of  discussed 
systems  are  carried  out  at  the  Wroclaw  Polytechnic  University  and 
Poznan  Polytechnic  University.  However,  they  are  mainly  concerned 
with  electric  strength  of  inorganic  dielectrics.  Habilitation  work 
of  H.  Moscicka-Grzesiak  [93  and  some  doctoral  work  £86,  123, 

125}  belong  -0  this  area.  The  author  considered  it  desirable  to 
supplement  studies  in  this  field  on  the  premise  that  organic 
insulators  find  now  wider  and  wider  application,  particularly 
in  electroenergetic  systems,  for  which  the  problem  of  strength  7 

at  switching  overvoltages  and  at  high  potentials  is  of  basic  L~—~ 

importance.  The  present  monograph  deals  with  just  these  problems. 

The  aim  of  this  work  is  to  learn  about  phenomena  of  discharge 
along  thermoplastic  dielectrics,  particularly  at  switching 
overvoltages,  and  to  check  and  develop  a  theory  of  flashover 
in  vacuum.  The  second  aim  of  this  work  is  to  obtain  quantitative 
data  with  regard  to  surface  electric  strength  of  thermoplastic 
dielectrics  in  vacuum. 

The  first  part  of  this  work  (Chapter  2)  deals  with  collection 
and  classification  of  literature  data  concerning  the  surface 
strength  of  solid  dielectrics  in  vacuum.  On  the  basis  of  these 
data,  a  program  is  developed  for  realization  of  this  work. 

Chapter  3  contains  a  review  of  theories  trying  to  explain  the 
mechanism  of  flashover  along  the  surface  of  a  solid  dielectric 
in  vacuum. 

Next  parts  of  this  work  describe  the  testing  system  and 
experimental  procedures  (Chapter  4)  and  contain  the  analysis 
of  present  investigations  of  the  author  (Chapters  5  and  6). 

These  investigations  comprised  the  electric  surface  strength 
of  thermoplastic  dielectrics  (polymethylmethacrylate,  polytetra- 
fluoroethylene  and  polyethylene)  in  vacuum  at  the  switching 
and  6urge  overvoltages,  the  effect  of  the  form  of  potential, 
the  effect  of  the  time  of  duration  of  the  front  wave,  and  of 
the  number  of  switching  surges.  Moreover,  the  work  included 


also  the  effect  of  pressure  and  of  the  time  and  method  of  conditioning 
the  samples  upon  the  surface  strength,  and  also  degradation  of 
surfaces  of  investigated  samples  as  a  function  of  the  number  of 
flashovers. 

In  the  next  part,  Chapter  7#  on  the  basis  of  our  own  investi¬ 
gations  the  author  proposes  a  theory  of  the  development  of 
mechanism  of  flashover  along  thermoplastic  materials  in  vacuum, 
including  the  mechanism  of  flashover  at  switching  overvoltages. 

Chapter  8  contains  remarks  and  final  conclusions.  Appendices 
presenting  tables  of  the  results  of  investigations  conclude 
the  work. 

On  the  assumption  that  there  is  no  uniform  view  on  the 
mechanism  of  flashover  along  organic  dielectrics,  the  author 
makes  an  analysis  and  comparisons  of  literature  data  with  the 
own  concept  of  this  mechanism,  based  on  our  measurements.  He 
derives  an  analytical  equation  for  the  surface  electric  strength 
of  solid  dielectrics  in  vacuum,  as  a  function  of  the  time  of 
duration  of  the  switching  surge  wave  front. 

The  author  considers  that  the  presented  work  should  form 
a  contribution  to  studies  of  systems  of  organic  dielectric- 
vacuum,  mainly  with  regard  to  electric  surface  strength  at 
switching  overvoltages.  This  work  also  supplements  and  provides 
a  series  of  new  quantitative  data  concerning  surface  electric 
strength  of  solid  dielectrics  in  vacuum. 
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2.  SURFACE  ELECTRIC  STRENGTH  CF  SOLID  DIELECTRICS  IN  VACUUM 


The  idea  of  using  vacuum  as  an  insulator  originated  back  in 
thirties  of  the  twentieth  century,  hence  the  number  of  investi¬ 
gators  who  carried  out  studies  of  the  phenomenon  of  jump 
(flashover)  between  electrodes  in  vacuum  is  considerable. 

The  results  of  studies  have  been  reviewed  in  the  works  [25, 

60,  61  ,  107]  . 

The  mechanism  of  flashover  in  the  vacuum  gap  is  not  fully 
understood,  since  it  is  complex  and  its  parameters  are  difficult 
to  control.  If  we  introduce  a  dielectric  between  the  electrodes 
in  vacuums  the  complexity  of  the  system  will  be  further  increased 
by  new  parameters  which  should  be  considered. 

In  the  case  of  flashover  along  surfaces  Qf  solid  dielectric 
one  should  distinguish  two  stages  of  the  development  of  mechanism: 

-  appearance  of  free  electrons, 

-  discharging  along  the  surface  of  the  dielectric. 

In  vacuum  there  is  no  sufficient  number  of  free  electrons 
to  cause  the  flashover,  hence  the  electrons  must  be  supplied 
to  the  system  by  a  mechanism  of  electron  emission  after 
application  of  high  potential. 

There  are  possible  several  processes  of  electron  emission 
from  the  surface  of  metal,  depending  on  temperature  and  potential 
of  the  electric  field,  and  depending  whether  the  surface  is  bombarded 
by  electrons  or  ions.  Mechanisms  of  the  emission  of  electrons 
may  be  divided  into  the  following  categories: 

1 )  field  emission, 

2)  thermal  emission, 

3)  field-thermal  emission  known  as  Schottky  emission, 

4)  photoelectric  emission, 

5)  secondary  emission  caused  by  bombardment  with  electrons, 

6)  secondary  emission  caused  by  bombardment  with  positive  ions. 


In  the  investigated  Insulation  system  the  initiation  of 
electrical  discharge  will  occur  only  as  a  result  of  the  field 
emission  of  electroi?.  The  Schottky  emission  and  thermal  emission 
acquire  importance  only  at  a  high  temperature,  usually  above 
1000  K,  and  for  this  reason  they  have  no  influence  in  practical 
high-voltage  facilities,  which  usually  work  at  normal 
temperature. 

The  fact  that  electrons  can  be  torn  from  the  surface  of 
metals  by  a  sufficiently  high  electric  field  has  been  observed 
by  many  investigators  at  the  end  of  the  last  century. 

Fowler  and  Nordheim  )__31  2  derived  Equation  (2.1  )  for 
density  of  the  current  of  field  emission  from  a  cold  cathode: 

a  «  1.5*-™-6  **  «*p[-e,83-io*$*/2  i*1  0(j>]  (?.i)  (2.1  ) 

where:  >  -  electric  field  potential  at  emitter  in  «■  , 

$  -  electron  work  function  from  cathode  in  eV, 

0 (»)  -  Nordheim  function. 

Equation  (2.1 )  is  derived  for  the  temperature  0  K,  hence  its 
application  is  theoretically  justified  only  for  pure  field 

emissions . 

R.H.  Fowler  and  L.  Nordheim  admitted  that  their  equation 
would  be  somewhat  dependent  on  temperature,  but  they  have  not 
described  this  effect  clearly  [31 J  .  The  first  attempt  to 
establish  the  effect  of  temperature  on  the  mechanism  of  field 
emission  was  done  by  M.V,  Houston  [63[]  .  In  his  work,  M.V. 
Houston  tried  to  determine  the  change  of  field  emission  described 
by  the  Fowler-Nordheira  equation  as  a  function  of  temperature. 

The  results  of  his  investigations  indicate  that  the  effect  of 
temperature  on  emission  current  is  very  small',  and  decreases 


with  the  increase  of  field  potential.  Thorough  investigations 
of  the  effect  of  temperature  on  field  emission  current  were  also 
carried  out  by  R.H.  Good  and  E.L.  Murphy  £38"}  .  Good  and  Murphy 
expressed  the  emitted  current  in  general  form  as  a  function  of 
temperature,  field  intensity  and  work  function.  Hence,  they 
modified  the  Fowler-Nordheim  equation  by  taking  account  of  the 
effect  of  temperature.  They  determined  also  the  range  of  tempera¬ 
ture  and  of  field  intensity  for  various  values  of  the  work 
function,  at  which  the  modified  Fowler-Nordheim  equation  finds 
application. 

The  effect  of  temperature  on  field  emission  was  also 
investigated  by  Little  and  Whitney  L 82  1  *  R.P.  Little  and  W.T. 
Whitney  determined  experimentally  that  the  emission  current 
is  independent  of  temperature  in  the  range  up  to  1000  K, 
confirming  thereby  the  original  equation  of  the  theory  of 
Fowler  and  Nordheim. 

Comparison  of  data  of  various  authors  still  leaves 
unexplained  discordant  results  of  studies  and  discrepancies 
between  theoretical  and  experimental  results  pertaining  to  the 
phenomenon  of  field  emission.  The  results  of  F.  Llewellyn-Jones 
and  D.J.  Nicholas  [83J  ,  who  studied  the  effect  of  temperature 
on  field  emission  current,  may  serve  as  an  example.  Results  of 
studies  at  temperature  I97  K  and  298  K  give  different  values 
of  the  emission  current  than  those  expected  from  calculations 
according  to  the  Schottky  theory.  But  the  measured  values  of 
current  show  a  reasonable  agreement  with  calculations  according 
to  the  modified  Fowler-Nordaeim  equation. 

Therefore  it  may  be  stated  that  the  mechanism  of  electron 
emission  from  the  surface  of  metal  at  normal  temperature 
is  not  yet  thoroughly  known.  Since  electron  emission  is  the 
basic  phenomenon  in  the  process  of  flashover  in  a  vacuum  gap, 
in  consequence  the  mechanism  of  flashover  in  vaccum  also  is  not 
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fully  known.  Moreover,  as  was  mentioned  before,  when  a  solid 
dielectric  finds  itself  additionally  in  the  vacuum  gap,  the 
number  of  factors  affecting  the  process  of  discharge  increases 
and  the  mechanism  of  flashover  becomes  more  complicated. 

So  far,  no  satisfactory  thory  of  the  mechanism  of  flashover 
along  the  surface  of  solid  dielectrics  in  vacuum  has  been  advanced 
despite  the  fact  that  many  investigators  studied  the  phenomena 
of  the  mechanism  of  flashover,  and  proposed  their  various 
explanations. 

It  is  known  on  the  basis  of  experimental  results  that  the 
potential  of  discharge  along  the  surface  of  solid  dielectrics 
depends  on  various  factors,  such  as  the  type  of  dielectric,  shape 
of  investigated  sample,  method  of  conditioning,  etc.  These  factors 
have  been  analyzed  by  Bavley  ^60,  61  ]]  and  Slivkova  1 07  j  . 

Factors  which  affect  the  process  of  flashover  along  solid 
dielectrics  in  vacuum  can  be  defined  as  connected  with  solid 
dielectric,  electrodes,  and  experimental  conditions  of  studies 
(Figure  2.1 ). 

Systematic  listings  of  the  parameters  of  these  elements  are 
shown  in  Figures  2.2,  2.3  and  2.4.  These  Figures  contain  also 
references  to  publications  discussing  dependence  of  the  process 
of  flashover  on  the  above  parameters. 

Since  studies  of  the  phenomena  of  flashover  along  solid 
dielectrics  in  vacuum  were  carried  out  using  different  dielectrics, 
different  types  oi  electrodes,  and  various  experimental  techniques 
and  procedures,  comparisons  of  experimental  results  are  haphazard. 
References  l.—ted  in  Figures  2.2,  2.3  and  2.4  were  selected  from 
the  whole  scries  of  publications  as  those  which  provide  a  possibly 
accurate  description  of  the  effect  of  a  given  parameter  on  the 
process  of  flashover. 
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Figure  2.4.  Experimental  conditions  affecting  electric  surface 
strength  in  vacuum. 


2.1.  EFFECT  OF  HIOFERTIES  OF  SOLID  DIELECTRIC  ON  SURFACE  STRENGTH 

IN  VACUUM 

2.1.1.  SHAPE  OF  SAMPLE 

The  diagram  shown  in  Figure  2.3  lists  parameters  of  solid 
dielectric  which  have  effect  upon  the  surface  electric  strength 
of  solid  dielectrics  in  vacuum. 

The  effect  of  the  shape  of  sanples  on  surface  strength  in 
vacuum  at  direct  potential  was  investigated  by  Shannon  f 104^  » 
Watson  [127],  and  later  by  Svinjin  L 1 1 7  J  >  Eastman  Q28]  » 
Moscicka-Grzesiak  £90,  93,  94  j  ,  Milton  £893  ,  and  de  Tourreil  [j 

In  those  publications  the  investigated  samples  had  different 
shapes,  but  the  majority  of  investigators  used  samples  in  the 
form  of  a  cylinder. 

The  most  thorough  study  of  the  effect  of  various  shapes  of 
samples  on  the  potential  of  flashover  was  carried  out  by 
J.  Shannon,  S.  Philip  and  J.G.  Trump  £1043  •  Their  investigated 
samples  were  25  mm  long  and  had  shapes  shown  in  Figure  2.5. 

Values  of  the  flashover  potential  of  investigated  samples  are 
presented  in  Figure  2.6.  Samples  marked  by  symbols  A^»  E1 ,  B^, 

C-j  and  C^  had  the  highest  electric  strength,  exceeding  180  kV 
after  conditioning.  The  shape  of  these  samples  either  provides 
a  barrier  for  surface  discharges t  or  lowers  the  potential  of 
electric  field  at  the  solid  dielectric-cathode  junction,  which 
causes  an  increase  of  the  surface  strength  of  the  system.  The 
highest  surface  strength  is  possessed  by  the  sample  of  shape  B^. 

In  the  case  of  a  sample  with  the  shape  of  a  truncated  cone, 
the  potential  of  flashover  changes  as  a  function  of  the  inclina¬ 
tion  angle  of  the  cone,  and  depends  on  the  polarity  of  electrodes. 
The  obtained  results  of  studies  indicate  that  the  sample  has 
the  highest  electric  strength  when  the  base  of  the  truncated  cone 
is  placed  on  the  cathode. 


Figure  2.6.  Flashover  potential  for  samples  of  various  shapes 

according  to  Figure  2.5.  LI 043  .  1  -  glass,  2  -  first 
flashover,  3  -  after  10  flashovers,  4  -  maximal 
potential  of  flashover 


Boersch  [l2^  ,  independently  of  measurements  of  the  potential 
of  flashover  along  the  surface  of  a  solid  dielectric  »  studied  the 
mechanism  of  charging  of  the  surface  of  solid  dielectrics  in  the 
form  of  truncated  cone  with  different  angles  of  inclination 
as  a  result  of  the  process  of  secondary  emission.  Boersch  intro¬ 
duced  an  electron  beam  onto  the  surface  of  dielectric  through  a  gap 
in  cathode.  On  the  other  hand,  de  Tourreil  [l 2,  121  Q  studied 
the  mechanism  of  charging  the  surface  through  electrons  emitted 
at  the  solid  dielectric-cathode  junction. 

2.1 .2.  LENGTH  OF  SAMPLE 

Similarly  to  the  case  of  the  flashover  potential  for  a  vacuum 
gap,  the  flashover  potential  along  the  surface  of  solid  dielectrics 
does  not  increase  linearly  with  increase  of  the  length  of  sample. 
Increase  of  the  potential  is  not  proportional  to  the  increase  of 
sample  length,  as  confirmed  by  many  studies  p3»  H,  15,  17,  50, 

36,  37,  52,  53,  54,  67,  70,  72,  77,  78,  79,  89  1- 

Figure  2.7  shows  the  flashover  potential  for -various  dielectrics 
as  a  function  of  sample  length,  as  reported  by  several  authors. 

For  the  purpose  of  comparison,  the  results  of  electric  strength 
at  direct  (constant)  potential  were  used,  although  at  other  types 
of  applied  potential  the  character  of  changes  in  flashover 
potential  is  similar. 

The  results  obtained  by  various  authors  for  a  given  solid 
dielectric  and  defined  length  of  sample  indicate  considerable 
differences  in  values  of  the  flashover  potential.  For  example, 
Gleichauf  [*36,  37  £J  obtained  the  flashover  potential  of  50  kV 
for  a  sample  of  polytetraflucroethylene  (Teflon)  of  the  length 
22.5  mm,  whereas  the  author  of  this  work  £54,  79 J  obtained  the 
value  of  90  kV  for  flashover  potential  also  of  a  sample  of 
polytetrafluoroethylene  20  mm  long. 
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Figure  2.7.  Flashover  potential  as  a  function  of  the  length  of 
sample  at  the  applied  direct  (constant)  potential: 

1  -  alundum  (A120,)  sample,  according  to  £303  > 

2  -  alundum  sample,  according  to  £173  ;  3  -  glass 
sample,  according  to  £36,  37  3  ;  4  -  Teflon  sample, 
according  to  J 541  ;  5  -  Teflon  sample,  according 
to  [373  • 


The  reported  results  of  studies  show  that  the  length  of  the 
sample  is  only  one  of  many  parameters  which  exert  effect  on  the 
value  of  potential  of  flashover  along  the  surface  of  solid 
dielectrics.  Under  the  given  experimental  conditions,  the  increase 
of  flashover  potential  along  solid  dielectrics  is  smaller  than 
if  it  was  proportional  to  the  length  of  sample. 


2.1 .3.  ROUGHNESS  OF  OUTER  SURFACE  OF  SOLID  DIELECTRIC 

The  potential  of  flashover  along  solid  dielectrics  depends 
considerably  on  its  outer  surface.  Kalyatskii  and  Kassirov  [67  1 
have  shown  that  the  value  of  surge  potential  of  flashover  for 
polymethylmethacrylate  increases  when  roughness  of  the  outer 
surface  of  a  solid  dielectric  is  increased. 
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The  effect  of  surface  roughness  of  a  solid  dielectric  was  also 
investigated  by  Gleichauf  [36,  37  J  .  The  results  of  Gleichauf’s 
experiments  indicate  that  the  electric  strength  of  systems  at  direct 
potential  increases  by  about  40%  when  the  surface  of  the  same 
dielectric  is  rough*  He  has  not  establish  the  effect  of  the 
degree  of  roughness  on  tne  increase  of  electric  strength. 

Further  investigations  carried  out  by  Gleichauf  point  to  the 
importance  of  localization  of  the  area  of  roughness  on  solid 
dielectrics,  if  only  a  part  of  the  surface  of  a  glass  sample  was 
rough  on  the  side  of  cathode,  then  the  value  of  flashover 
potential  increased  by  about  35%  in  relation  to  the  value  of 
flashover  potential  of  a  smooth  sample.  After  the  change  of  polarity 
of  potential  at  the  rough  surface,  the  flashover  potential  remained 
the  same  as  the  one  obtained  for  the  smooth  surface  of  a  sample. 

The  above  phenomenon  is  explained  by  an  increase  of  the 
adsorption  of  water  and  water  vapor  by  the  rough  part  of  the 
external  surface  of  a  dielectric.  As  a  result  of  this  adsorption 
there  is  a  lowering  of  surface  resistance  of  a  solid  dielectric. 

A  lower  surface  resistance  of  solid  dielectric  prevents 
accumulation  of  surface  charges.  As  a  result  we  obtain  a  more 
uniform  distribution  of  the  electric  field. 

2.1.4.  ROUGHNESS  OF  THE  SURFACE  OF  CONTACT  (JUNCTION) 

BETWEEN  SOLID  DIELECTRIC  AND  ELECTRODE 

There  are  no  data  in  the  literature  which  would  specifically 
describe  the  effect  of  roughness  of  the  surface  of  contact  between 
solid  dielectrics  and  electrode. 

Kofoid  [84,  85  J  mentions  briefly  the  presence  of  a  gap 
between  a  solid  dielectric  and  cathode  surface.  If  both  surfaces 
could  be  made  ideally  smooth,  the  contact  of  these  surfaces 
would  be  also  ideal,  and  then  there  would  be  no  strengthening 
of  intensity  of  the  electric  field  in  the  gap,  arising  from 


in-series  layering  of  solid  dielectric  in  vacuum. 

In  practice»  there  is  no  possibility  of  achieving  such  an 
ideal  contact.  Hence,  there  always  exist  gaps  between  the  cathode 
and  surface  of  a  solid  dielectric.  Kofoid  in  his  work  £?1  ,  ?2  ]} 
assumed  an  idealized  shape  of  such  a  gap  and  calculated  intensity 
of  the  field  in  the  gap.  Calculations  were  based  on  the  assumption  that 
thickness  of  the  gap  is  very  small  in  comparison  with  the  total 
thickness  of  a  solid  dielectric.  He  has  not  done,  however,  any  measu¬ 
rement  of  the  intensity  of  field  in  the  gap,  nor  of  the  flashover 
voltage  for  various  degrees  of  roughness  at  the  contact  between  the 
solid  dielectric  and  electrode. 

In  order  to  avoid  the  presence  of  a  gap  between  a  solid 
dielectric  and  electrode,  some  investigators  f52,  5>4>  71 »  %J 
resorted  to  metallization  of  surfaces  of  solid  dielectric. 

2.1 .5.  VOLUME  RESISTIVITY  OF  SOLID  DIELECTRIC 

The  effect  of  volume  resistivity  of  solid  dielectrics  was 
investigated  by  Gleichauf  [36,  37  ]  for  glass  samples  with  different 
content  of  sodium.  The  content  of  sodium  in  glass  determines  its 
volume  resistivity.  After  studying  flashover  potential  for  glass 
samples  with  different  content  of  sodium,  Gleichauf  concluded  that 
the  volume  resistivity  of  a  solid  dielectric  has  no  effect  on  the 
voltage  of  flashover. 

Gibson  [35 J  also  investigated  the  effect  of  volume 
resistivity  of  porcelain  on  flashover  potential.  He  changed  volume 
resistivity  by  changing  the  temperature.  He  found  a  decrease  of 
flashover  voltage  with  increase  of  the  temperature  of  porcelain 
attributing  this  fact  to  a  decrease  in  volume  resistivity  of 
porcelain. 

It  is  difficult  to  draw  any  meaningful  conclusion  about 
the  effect  of  volume  resistivity  on  flashover  potential  along  the 
surface  of  solid  dielectrics,  since  not  many  results  are  available 
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and  moreover,  in  the  opinion  of  this  author,  in  studies  f35,  36, 
37  ~]  along  with  changes  of  volume  resistivity  in  the  investigated 
samples  there  was  also  a  change  in  surface  resistance,  which 
was  not  mentioned  by  the  authors,  and  which  has  a  profound 
effect  upon  the  mechanism  of  flashover  along  a  solid  dielectric 
in  vacuum. 


2.1.6.  SURFACE  RESISTIVITY  OF  SOLID  DIELECTRIC 

The  effect  of  surface  resistivity  of  a  solid  dielectric  upon 
the  value  of  flashover  voltage  along  a  solid  dielectric  in  vacuum 
was  also  investigated  by  Qleichauf  [36,  37  ]  .  He  used  layers  of 
silicon  oil  to  cover  external  surfaces  of  glass  857  and  of  boron 
glass  fyrex  7740.  Samples  of  glass  857  had  a  low  flashover 
voltage  as  compared  with  glasses  of  other  compositions.  After 
covering  samnles  of  'lass  857  with  silicon  oil,  the  value  of 
their  flashover  potential  increased  by  from  25  to  65%.  Gleichauf 
concluded  that  an  increase  of  the  flashover  potential  was  caused 
by  an  increase  of  surface  resistivity  resultant  from  the  coverage 
of  surfaces  of  solid  dielectric  with  silicon  oil. 

This  conclusion  is  in  contradiction  with  results  of  studies 
by  Srivastav  ([llO  J  ,  who  found  that  coverage  of  a  solid  dielectric 
with  semiconducting  layer  results  in  an  increase  of  electric 
strength  since  a  reduced  surface  resistivity  prevents  accumulation 
of  charge  on  surfaces  of  a  solid  dielectric. 

Fryszman  [33j  also  found  that  the  flashover  voltage 
increased  by  a  factor  of  about  2.6  when  a  part  of  external 
surfaces  of  solid  dielectric  near  the  cathode  was  covered  with 
a  semiconducting  layer. 

It  is  obvious  from  the  above  that  there  is  disagreement  between 
results  obtained  by  various  investigators,  and  there  is  lack  of 
meaningful  data  on  the  relation  between  surface  resistance  and 
flashover  potential. 


2.1.7.  COEFFICIENT  OF  SECONDARY  EMISSION  OF  ELECTRONS 
FROM  SURFACE  OF  SOLID  DIELECTRIC 

The  effect  of  the  coefficient  of  secondary  emission  of  electrons 
from  surfaces  of  solid  dielectric  was  analyzed  by  several  investi¬ 
gators,  in  connection  with  the  phenomenon  of  charging  of  dielectric 
surface. 

Gleichauf  [36,  37  ]  mentioned  a  possibility  of  the  effect 
o:.'  secondary  electron  emission  from  dielectric  surfaces  on  the 
surface  strength,  anp  -uggested  a  possibility  of  changing  the 
distribution  of  intensity  of  field  caused  by  secondary  emission, 
which  may  be  dependent  on  the  density  of  the  dielectric.  Thorough 
investigations  of  the  mechanism  of  charging  the  surface  of  solid 
dielectric  were  carried  out  by  Boersch  and  coauthors  j[12^. 

A.  Watson  fl26]  postulates  that  the  potential  of  flashover 
along  the  surface  of  a  solid  dielectric  is  dependent  on  the  secondary 
emission,  although  his  hypothesis  on  the  appearance  of  primary 
electrons  differs  from  the  view  of  remaining  authors.  He  suggests 
that  primary  electrons  appear  as  a  result  of  thermal  emission 
from  the  surface  of  solid  dielectrics. 

R.  Hayes  and  G.B.  Walker  [62]  studied  the  effect  of 
secondary  emission  on  the  flashover  potential  along  the  surface 
of  samples  of  titanium  oxide  and  of  titanium  oxide  coated  with 
glaze.  They  measured  the  coefficient  of  secondary  emission  and 
they  obtained  the  same  value  for  both  types  of  investigated 
samples.  The  initial  value  of  flashover  voltage  was  20  kV/cm 
for  samples  of  titanium  oxide,  and  22  kV/cm  for  titanium  oxide 
covered  with  glaze.  But  titanium  oxide  coated  with  glaze  showed 
a  noticeable  increase  of  electric  strength  after  conditioning, 
and  the  value  of  flashover  potential  was  then  similar  to  that 
of  the  sample  of  glass,  which  has  the  maximal  coefficient 
of  secondary  emission  ^  =  2 .,3.  The  value  of  for  glazed  titanium 
oxide  measured  in  the  work  f’62]]  was  1.2.  Comparison  of  these 
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results  Indicates  that  there  is  no  relation  between  the  value 
of  the  coefficient  of  secondary  emission  \  and  flashover 
potential  along  a  solid  dielectric. 

In  contrast  to  the  above  mentioned  studies,  A.  Fryszman, 

T.  Strzyz  and  M.  Wasinski  ([33  3  suS8est  a  possibility  of 
increasing  electric  strength  through  the  use  of  a  solid 
dielectric  with  a  low  coefficient  of  secondary  emission  and 
a  low  surface  resistivity. 

J.D.  Cross  [[22,  22 1  for  a  sample  used  aluminum  oxide, 
a  material  of  high  density  and  a  high  coefficient  of  secondary 
emission  *  6.4  (Figure  2.8).  For  coating  material  he  took 
copper  oxide,  which  has  a  low  coefficient  of  secondary  emission 
\  *  1.25,  and  chromium  oxide,  for  which  *  0.97.  Results 
of  investigations  (Figure  2.9)  show  a  noticeable  increase  of  che 
surge  electric  strength  for  samples  covered  with  copper  oxide 
and  with  chromium  oxide.  On  the  other  hand,  at  direct  (constant) 
and  alternating  potential  a  considerable  increase  in  strength 
is  observed  when  alundum  samples  art*  coated  with  chromium 
oxide. 

The  value  of  the  coefficient  of  secondary  emission  depends 
very  much  on  contamination  of  the  surface  of  solid  dielectrics, 
and  particularly  on  the  presence  of  such  substances  as  a  thin 
layer  of  oxide  and  a  carbon  deposit.  Values  of  the  coefficient 
of  secondary  emission  are  reported  for  pure  surfaces  and  refer 
to  the  room  temperature.  During  discharges  along  a  solid  dielectric 
in  vacuum  the  condition  of  surface  of  solid  dielectrics  undergoes 
changes,  hence  in  the  course  of  consecutive  flashovers  the 
coefficient  of  secondary  emission  also  changes. 

This  fact  is  confirmed  by  the  publication  of  Chatterton 
and  Davies  [[1 6  3  which  reports  changes  of  the  coefficient  of 
secondary  emission  before  and  after  flashovers  (Figure  2.10). 

The  increase  of  surface  strength  as  a  function  of  the  number 
of  flashovers  is  explained  as  due  to  decreases  of  the  coefficient 
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Figure  2.8.  Coefficient  of  secondary  emission  d  as  a  function 
of  the  energy  of  primary  electrons  £1141  : 

1  -  alundum  (AlpO-z),  2  -  copper  oxide  (Cu20) , 

3  -  chromium  oxide  (C^O-^)  c 


of  secondary  emission  at  consecutive  flashovers. 

The  results  of  studies  indicate  that  there  is  a  dependence 
between  the  coefficient  of  secondary  emission  of  electrons  from 
dielectrics  and  the  flashover  potential  along  the  surface  of  a 
solid  dielectric. 


rig,  2.9.  Flashover  potential  as  a  function  of  the  number  of 
f lashovers  for  alundum  sample  [22,  114] :  a)  alundum  without 
coating,  b)  coated  with  copper  oxide,  c)  coated  with  chromium 
oxide;  1-  direct  (constant)  potential,  2  -  alternating 
potential,  3  -  surge  potential. 
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Figure  2.10.  Coefficient  of  secondary  emission  «J  as  a  function  of 
the  energy  of  primary  electrons  E  £16]  : 
a)  before  flashovers,  b)  after  flashovers; 

1  -  organic  glass,  2  -  alundum  (Lucalox) , 

3  -  glass  (Macor) 

A  general  conclusion  that  can  be  drawn  from  experimental  results 
is  that  the  higher  is  the  potential  of  flashover  along  solid  dielec¬ 
tric  the  lower  is  the  coefficient  of  secondary  emission 

from  this  dielectric. 

2.1 .8.  WORK  FUNCTION  OF  ELECTRON  FROM  SOLID  DIELECTRIC 

There  are  no  data  in  the  literature  which  would  indicate  any 
possibility  of  the  effect  of  work  function  of  the  emission  of 
electrons  from  surfaces  of  solid  dielectric  upon  the  potential  of 
flashover  along  this  surface. 

As  was  mentioned  before,  Watson  suggests  that  the  primary 

electrons  appear  as  a  result  of  thermal  emission  of  electrons  from 
the  surface  of  solid  dielectrics  and  not  from  the  solid  dielectric- 
cathode  junction.  Should  this  theory  be  right,  which  is  however 
rather  unlikely,  then  the  thermal  work  function  »-<  Id  play  an 
important  role  in  the  mechanism  of  flashover  along  the  surface 
of  a  solid  dielectric. 
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2.1 .9.  DIELECTRIC  PERMEABILITY  OF  SOLID  DIELECTRIC 

Relative  dielectric  permeability  of  solid  dielectric  changes  the 
potential  of  electric  fields  in  the  gap  between  the  dielectric  and 
electrode,  and  causes  changes  of  the  pre-discharge  current  initiated 
by  field  emission.  Many  experiments  were  performed  in  order  to 
detemine  the  effect  of  relative  dielectric  permeability  upon  the 
potential  of  flashover.  Gleichauf  £36,  37 3  finds  that  dielectric 
permeability  does  not  play  any  role  in  the  mechanism  of  flashover. 
However,  many  investigators  confirmed  a  considerable  effect  of 
dielectric  permeability  on  the  flashover  potential.  Kofoid  [71*  72 1 
reports  that  the  potential  of  electric  fields  at  the  cathode-dielectric 
junction,  deciding  the  emission  of  electrons  from  the  cathode, 
is  dependent  on  dielectric  permeability  of  solid  dielectrics.  The  £25, 
potential  necessary  to  liberate  electrons  increases  with  a  decrease 
of  relative  dielectric  permeability  of  solid  dielectrics. 

Akahane  et  al.  [2,  and  Ohki  et  al.  [97  2  report  that  they 
measured  a  higher  flashover  voltage  for  solid  dielectrics  having 
a  lower  dielectric  permeability  (Figure  2.11). 

Nagabhushana  and  Gopalakrishna  [  96  J  investigated  the  possibi¬ 
lity  of  increasing  the  electric  strength  by  the  use  of  a  thin  foil 
of  various  materials  placed  between  a  porcelain  sample  (£w  =  7.0) 
and  the  cathode.  The  obtained  results  indicate  that  the  flashover 
potential  increases  when  the  dielectric  permeability  of  thin  foil 
decreases. 

Suzuki  £l15^  found  that  a  ceramic  material  placed  in  vacuum 
b+s  the  higher  value  of  the  potential  of  surface  flashover, 
the  lower  is  its  dielectric  permeability. 

It  follows  from  the  above  data  that  the  potential  of  surface 
flashover  is  higher  in  general  when  the  dielectric  permeability 
of  investigated  solid  dielectrics  is  lower. 
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Figure  2.11.  Intensity  of  electric  field  during  flashover  at  the 

surge  potential  as  a  function  of  dielectric  permeability 
of  the  sample  £  97  j  : 


A  -  Teflon 

6* 

=  2.0) 

B  -  Polyethylene 

(e. 

*  2.3) 

C  -  Polystyrene 

=  3.2) 

D  -  ABS  type  resin 

<£„ 

=  3.2) 

E  -  Polycarbonates 

(£. 

=  3.2) 

F  -  Conditioned  glass 

<t. 

=  4.0) 

F1-  Unconditioned  glass 

=  4.0) 

G  -  Epoxy  resin  A 

It. 

=  4.0) 

H  -  Epoxy  resin  B 

It. 

=  4.2) 

I  -  Polyamides 

»  4.D 

2.1.10.  COEFFICIENT  OF  DIELECTRIC  LOSSES 

It  is  obvious  that  at  alternating  potentials!  and  particularly 
at  high  frequencies,  the  coefficient  of  dielectric  losses  may  have 
large  importance  in  the  process  of  flashover  along  the  surface  of 
solid  dielectrics  in  vacuum.  Although  many  investigators  report 
electric  strengths  for  testing  direct  potential,  alternating 
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potential  of  industrial  frequency,  and  surge  potential,  there  are 
not  many  works  from  which  one  could  get  some  ideas  about  the  effect 
of  the  coefficient  of  dielectric  losses  on  surface  strength  of  solid 
dielectric  in  vacuum. 

Hayes  and  Walker  [62]  and  Lewis  1 24[3  studied  the  flashover 
potential  using  high  frequencies,  but  they  do  not  report  the  effect 
of  the  coefficient  of  dielectric  losses.  It  appears,  however,  that 
at  a  high  frequency,  a  considerable  amount  of  heat  will  evolve 
from  a  solid  dielectric  with  large  coefficient  of  dielectric  losses 
and  its  temperature  will  be  higher  than  that  of  a  solid  dielectric 
having  a  small  coefficient  of  dielectric  losses.  The  use  of  solid 
dielectrics  v.'ith  a  high  coefficient  of  dielectric  losses  may  lead, 
in  the  final  stage,  to  the  destruction  of  solid  dielectrics  through 
the  strong  rise  of  its  temperature,  as  a  result  of  poor  heat 
dissipation  in  vacuum. 


2.1 .1 1 .  THERMAL  CONDUCTIVITY 

We  have  not  found  any  publication  that  would  deal  with  the 
effect  of  thermal  conductivity  of  solid  dielectrics  on  the  potential 
of  flashover  along  solid  dielectrics  in  vacuum. 

Gleichauf  [36,  37  3  made  a  short  remark  that  thermal  conducti¬ 
vity  would  have  no  significant  effect  on  surface  strength,  if  we 
assumed  a  iast  progress  of  electric  discharge.  We  can  admit  that 
the  effect  of  thermal  conductivity  will  be  considerable  in  the  case 
of  covering  the  surface  of  solid  dielectrics  with  a  semiconducting 
layer,  which  is  the  cause  of  the  evolution  of  heat  at  the  applica¬ 
tion  of  direct  or  alternating  potentials  for  a  prolonged  time. 


2.1.12.  DEGASSING  ABILITY  OF  INVESTIGATED  SAMPLE 


One  can  distinguish  two  types  of  degassing  ability  of  a  solid 
dielectric  placed  in  vacuum ,  namely  :  evaporation  of  insulating 
material  caused  by  the  reduction  of  pressure,  and  elimination  of 
gases  from  the  surface  of  solid  dielectrics  during  electric  discharge. 
The  phenomenon  of  degassing  of  dielectrics  in  vacuum  has  a  considerable 
effect  on  surface  strength,  and  for  this  reason  many  investigators 
dealt  with  this  problem. 

Gleichauf  £36*  37  j  studied  the  effect  of  pressure  of  vapors 
eliminated  from  solid  dielectrics  for  boron  glass  (7740  Fyrex)  and 
sulfur.  These  two  dielectrics  have  similar  physical  properties, 
except  that  sulfur  has  a  higher  vapor  pressure.  The  measured  potential 
of  flashover  along  these  two  solid  dielectrics  in  vacuum  was  nearly 
the  same.  Hence,  Gleichauf  concluded  that  evaporation  of  solid 
dielectrics  has  no  significant  effect  on  the  flashover  voltage. 

Srivastava  and  Tourreil  [110^  analyzed  the  composition  of 
residue  gases  in  the  vacuum  chamber  using  a  spectrometer.  Their 
results  indicate  presence  of  a  large  amount  of  water  and  vapors 
of  oils  coming  from  pumps,  and  of  other  gases  such  as  N2,  02,  CO  etc. 
The  gas  analysis  reported  in  the  work  [1103  was  done  before  the 
flashover.  Srivastava  and  Tourreil  [llOj  report  also  that  the 
pressure  increases  before  the  appearance  of  flashover,  and  they 
analyzed  also  the  composition  of  gas  during  this  rise  of  pressure. 

The  results  showed  that  there  is  an  increase  of  the  amount  of  all  the 
components  of  residual  gas  in  the  vacuum  chamber,  and  particularly 
of  hydrogen.  It  is  thought,  on  the  basis  of  these  results,  that 
the  evolution  of  hydrogen  may  be  connected  with  dissociation  of 
water  vapor  adsorbed  on  the  surface  of  dielectrics.,  For  practical 
applications  of  organic  material  they  suggest  the  use  of  Teflon, 
organic  glass  and  high-pressure  polyethylene,  and  they  reject 
epoxy  resins. 

Kassirova  and  Tuzova  [69  3  studied  compositions  of  gas  evolved 
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during  dischargee.  The  obtained  spectrographic  results  indicate  that 
a  large  pari  of  liberated  gas  is  the  result  of  elimination  of  gases 
absorbed  in  surface  layers,  such  as  nitrogen,  water  vapor  and  hydro¬ 
carbon  groups.  A  dependence  between  the  material  of  the  sample  and 
composition  of  the  gas  evolved  was  also  observed.  There  can  occur 
decomposition  of  solid  dielectrics  as  a  result  of  electric  discharge. 

Akahane  et  al.  £3  ]  a^80  used  spectrographic  techniques  to  analyze 
the  composition  of  gas  before  and  during  the  flashover  along  the 
surface  of  solid  dielectrics  for  samples  of  polyethylene  and  boron 
glass. 

The  following  conclusions  were  derived  from  studies  [  3  3  : 

1 )  both  the  investigated  dielectrics  evolve  gases  before  the 
flashover. 

2)  during  the  flashover,  polyethylene  evolves  a  large  amount  of 
hydrocarbons, 

3)  polyethylene  evolves  more  gases  than  does  boron  glass, 

4)  for  glass,  the  amount  of  evolved  gases  decreases  with 
increase  of  the  number  of  flashovers. 

Ohki  et  al.  [  97 3  studied  the  surge  potential  of  flashover 
using  glass  and  thermoplastic  materials,  and  two  types  of  resins. 

They  noticed  the  appearance  of  paths  on  the  surface  of  all  organic 
materials  after  discharges.  The  number  of  discharges  (flashovers) 
necessary  for  the  formation  of  such  a  path  is  different  for  each 
dielectric.  The  highest  resistance  to  the  formation  of  such  paths 
was  exhibited  by  samples  of  polyethylene  and  polyamide.  Epoxy 
resins  were  in  the  second  place,  polystyrene  -  in  the  third,  j 

while  polycarbonates  and  polytetrafluoroethylene  were  the  most 
vulnerable  to  surface  degradation.  The  results  s,.  -erning  Teflon 
obtained  by  Ohki  [  97  3  differ  from  those  presented  by  Srivastava  (_  1 1 1j. 

Kuffel  et  al.  ["79*  53}  also  observed  strong  erosion  of  surfaces 
of  organic  dielectrics  after  conditioning  by  means  of  flashovers. 
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From  this  review  of  the  results  of  investigations  one  can 
conclude  that  the  phenomenon  of  degassing  of  dielectrics  in  vacuum 
and  degassing  during  discharges  has  a  considerable  effect  on  the 
flashover  potential  and  mechanism  of  flashover  along  solid  dielectrics 
in  vacuum. 


2.2.  EFFECT  OF  PARAMETERS  OF  ELECTRODES  ON  SURFACE  STRENGTH 

IN  VACUUM 

2.2.1.  SHAPE  OF  ELECTRODES 

Since  the  shape  of  electrodes  has  a  considerable  effect  on 
electric  strength,  a  large  number  of  investigators  were  concerned 
with  this  problem.  The  majority  of  them  used  the  system  of  flat 
electrodes  with  edge  profile  of  the  pattern  of  RogowBki,  which 
ensured  a  uniform  or  nearly  uniform  distribution  of  field.  Some 
investigators  used  other  systems,  such  as  coaxial  cylinders  [k2.t 
115*  116  J  and  edge  electrodes  ["H5J  »  and  placed  solid  dielectrics 
of  cylindrical  shape  between  the  electrodes.  Other  shapes  of 
electrodes  were  also  investigated  [17,  71 ,  90,  93 J  attempting 
to  induce  the  intensity  of  electric  fields  at  or  near  the  solid 
dielectric-cathode  junction,  often  by  making  a  dent  (cavity)  in 
the  electrode. 

The  author  wishes  to  draw  attention  to  the  fact  that,  from  a 
practical  viewpoint,  the  concept  of  electrode  systems  is  very 
important  for  the  increase  of  strength  of  insulation  systems. 

A  change  of  the  shape  of  electrodes  affects  the  field  distribution 
not  only  at  or  near  the  electrode-dielectric  junction,  but  also 
along  the  surface  of  solid  dielectrics.  Hence,  when  analyzing  the 
mechanism  of  flashover  we  have  to  take  into  account  the  shape  of 
electrodes.  For  instance,  if  we  have  an  electrode  with  cavity 
and  a  part  of  solid  dielectric  is  located  in  this  cavity,  then 
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there  will  be  a  component  of  the  field  perpendicular  to  cylindrical 
surface  of  dielectric,  even  in  the  absence  of  surface  charge, 

2.2.2.  ROUGHNESS  OF  ELECTRODE  SURFACE 

Discharge  in  vacuum  gaps  depends  strongly  on  roughness  of 
the  surface  of  electrodes.  However,  surprisingly  little  information 
can  be  found  about  the  effect  of  the  roughness  of  electrodes 
in  the  case  of  flashover  along  solid  dielectrics  in  vacuum.  Roughness 
and  microscopic  protrusions  are  always  present  on  the  surface,  even 
when  electrodes  appear  to  be  smooth  and  polished.  The  field  intensity 
is  increased  at  sharp  edges  and  may  be  sufficiently  high  to  cause  I 
field  emission  at  or  near  the  solid  dielectric-cathode  junction. 

From  this  aspect,  many  authors  assumed  that  a  rough  surface  of 
electrodes  is  the  reason  for  lowering  of  flashover  potentials 
and  in  their  studies  they  tried  to  eliminate  the  roughness  of 
electrodes.  However,  Kalyatskii  and  KasBirov  C  67  3  found  that 
there  was  no  considerable  difference  in  the  eurge  potential  of 
flashover  along  the  samples  of  polymethylmethacrylate  located 
between  rough  and  polished  electrodes.  It  was  not  reported  how 
the  surface  was  polished  or  made  rough,*  hence  it  is  difficult 
to  make  any  comments  and  judgement  on  the  cited  observations. 

Moscicka-Grzesiak  [  9\ ,  93]]  reported  results  of  measurements 
of  flashover  potential  along  a  ceramic  Insulator  25  mm  long 
as  a  function  of  the  unevenness  of  electrode  surfaces  (Figure  2.12). 
The  flashover  potential  becomes  smaller  with  an  increase  of  the 
height  of  protrusions  R?.  The  effect  of  electrode  smoothness  is 
different  for  particular  materials. 


-  35  - 


kV\U 


«V  KRJ 


Up*  ft*.} 


*?  W*  f  to’  tO 2  pmtO* 

Figure  2.12.  Flashover  potential  U  and  voltage  of  the  first 
flashover  as  a  function  of  the  value  of  height  of 
protrusions  of  surface  R  for  steel,  aluminum, 
usual  copper  and  vacuum  copper  u  ^  C^3 


2.2.3.  WORK  FUNCTION  OF  ELECTRONS  FROM  ELECTRODE 


As  was  already  mentioned,  theoretical  value  of  the  current 
of  field  emission  depends  on  the  work  function  of  electrons  from 
the  material  of  cathodes  at  a  given  temperature.  However,  experi¬ 
mental  results  indicate  that  the  flashover  potential  for  a  vacuum 
gap  is  not  directly  dependent  on  the  work  function,  although  the 
effect  of  electrode  material  on  flashover  potential  is  evident. 

In  the  case  of  flashover  along  solid  dielectrics ,  experimental 
data  published  by  Gleichauf  ("36,  37  J  and  by  Kalyatskii  [67 
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indicate  that  the  work  function  of  electrons  ?rom  the  material 
of  electrodes  has  no  significant  effect  on  the  flashover  potential. 
The  results  of  Moscicka-Grzesiak  (Figure  2.12)  also  show  that  the 
work  function  of  electrons  from  electrode  has  no  significant  effect 
on  the  potential  of  flashover ,  although  there  is  an  effect  from  the 
kind  of  electrode  material. 

The  amount  of  information  pertaining  to  the  effect  of  the 
material  of  electrodes  is  very  limited,  end  it  is  perhaps  too  early 
to  conclude  that  the  work  function  has  no  effect  on  the  potential 
of  flashover.  It  is  possible  that  the  effect  is  not  visible 
in  the  presence  of  more  dominant  factors,  which  appear  in  connection 
with  the  presence  of  solid  dielectrics  between  electrodes. 

2.2.4.  SECONDARY  EMISSION  FROM  ELECTRODES 

In  addition  to  the  primary  emission  of  electrons  from  cathode, 
such  as  the  field  emission  or  thermal  emission,  there  is  also 
the  possibility  of  the  secondary  emission  of  electrons  as  a  result 
of  the  bombardment  of  cathodes  with  ions  or  of  the  action  of  photons. 

When  anodes  are  subjected  to  bombardment  with  electrons  having 
a  suitable  energy,  we  may  have  emission  of  secondary  positive 
ions  and  X-ray  radiation. 

The  phenomena  of  secondary  emission  from  electrodes  may  have 
a  certain  effect  on  the  process  of  surface  flashover. 

2.2.5.  MELTING  TEMPERATURE  OF  THE  MATERIAL  OF  ELECTRODE 

Similarly  as  in  previous  Section  2.2.4,  no  dependence  between 
the  melting  temperature  of  the  material  of  electrodes  and  flashover 
potential  was  established  experimentally.  Erven  et  al.  [  2?J 
suggest  that  metals  with  low  melting  temperature  (copper,  nickel, 
aluminum  etc)  suffer  a  more  intense  damage  to  anodes  during 
a  spark  discharge. 
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Graneau  £42  1  remarks  that  titanium  is  a  good  material  for 
electrodes,  since  it  has  a  high  mechanical  strength  and  a  relatively 
high  melting  temperature. 

2.3.  EFFECT  OF  THE  PARAMETERS  OF  EXPERIMENTAL  CONDITIONS 

2.3.U  PRESSURE  AND  COMPOSITION  OF  GAS 

Several  investigators  studied  the  effect  of  pressure  on  the 
potential  of  flashover  along  solid  dielectrics  £28,  36,  37,  76, 

100,  105,  122£)  and  their  results  indicate  that  the  pressure 
has  no  significant  effect  on  the  flashover  voltage  in  the  range 
from  1 33.322x1 0“ 4  Pa  to  133.322x1 0‘7Pa  (from  1  0“4  to  10“7  Tr). 

Eastham  £28 found  no  noticeable  effect  of  the  admixtures 
of  other  gases,  e.g.  Cl^,  SFg,  02»  on  flashover  potential.  The 
gases  were  introduced  into  the  vacuum  chamber,  and  the  pressure 
rose  from  133.322x1 0“6 Pa  to  1 33.322x1 0“4 Pa  (from  10“6  to  10“4  Tr). 

Gleichauf  f 36 •  37 J  reports  that  he  found  no  effect  of 
pressure,  in  the  range  from  5x10“^  Tr  to  5x1 0”^  Tr,  on  flashover 
potential  of  investigated  samples. 

On  the  other  hand,  Ramm  £l00~]  shows  that  for  a  pass  insula¬ 
tor  65  cm  long  placed  in  vacuum  the  flashover  potential  depends 
on  pressure  (Figure  2.13).  Quantitative  values  of  strength  are 
also  dependent  on  mounting  of  protective  corners  (edges),  hence 
on  distribution  of  electric  field,  although  the  curves  U  *  f(p) 
for  insulators  with  corners  and  without  corners  have  similar  shape. 

Smith  £105]  investigated  surface  strength  for  surge 
potential  30  jis  for  a  sample  of  the  shape  of  cones,  and  found 
no  effect  of  pressure  in  the  range  from  1 0”4  Tr  to  1 0"2  Tr;  but 
at  further  rise  of  pressure  the  electric  strength  of  samples 
decreased  rectilinearly. 

Tyman  C122J  studied  surface  strength  as  a  function  of 
pressure  at  alternating  potential  for  a  ceramic  sample  5.7  mm 


Figure  2.13.  Flashover  potential  as  a  function  of  pressure 
for  a  pass  insulator  placed  in  vacuum  [.TOO], 

1  -  corner  (edge),  2  -  with  corners,  3  -  without 
corners,  4  -  test  supply  potential  600  kV 

long,  and  did  not  observe  any  changes  in  electric  strength 
in  the  range  from  10~^  Tr  to  1  0“^  Tr. 

On  the  basis  of  results  of  our  studies  [76]  ,  the  author 

considers  that  the  pressure  plays  a  considerable  role.  The  results 
of  investigations  T  76 J  will  be  discussed  in  Section  5*1  • 
Similarly,  the  composition  of  gas  must  also  play  some  role. 

This  view  is  based  on  the  observed  phenomenon  of  un-conditioning. 

It  is  known  that  the  value  of  flashover  potential  increases  with 
the  time  of  voltage  conditioning.  If  samples  are  conditioned  by 
means  of  a  high  potential  and  then  the  potential  is  removed  for 
some  time,  the  sample* will  partly  lose  the  properties  of  conditio¬ 
ned  samples,  there  will  be  un-conditioning.  The  phenomenon  of 
unconditioning  is  not  fully  understood.  It  would  be  justified 
to  assume  that  at  least  a  part  of  the  phenomenon  of  un-conditioning 
is  connected  with  re-adsorption  of  gases  by  surfaces  of  electrodes 
and  solid  dielectrics.  Moreover,  the  surface  of  solid  dielectrics 


adsorbs  particularly  strongly  those  gases  which  have  a  large 
dipole  moment,  e.g.  water  vapor,  substances  with  low  vapor  pressure. 
These  gases  act  as  contaminants  and  they  play  important  roles  in  the 
process  of  flashover.  The  degree  of  adsorption  increases  with 
increase  of  pressure,  hence  the  pressure  and  gas  composition  may 
have  an  effect  on  the  process  of  conditioning  and  un-conditioning. 

2.3.2.  TEMPERATURE  OF  THE  DIELECTRIC-ELECTRODES  SYSTEM 

Several  authors  were  concerned  with  the  effect  of  temperature, 
both  high  and  low,  on  surface  strength  of  solid  dielectrics  in 
vacuum.  By  the  terms  '‘high"  and  "low"  temperature  we  understand 
the  temperature  higher  or  lower  than  the  normal  temperature. 

Srivastava  [  109j  reported  that  the  flashover  potential 
did  not  suffer  a  noticeable  change  when  the  dielectric  was  heated 
by  means  of  an  infrared  radiator. 

Gibson  [35 J  studied  the  phenomenon  of  ageing  of  porcelain 
samples  subjected  to  the  action  of  direct  (constant)  potentials 
at  temperatures  up  to  200°C.  He  noted  a  lowering  of  the  potential 
of  flashover  along  the  dielectric  with  the  rise  of  temperature. 

The  effect  of  heating  (up  to  temperature  800°C)  on  flashover 
potential  along  solid  dielectrics  was  studied  also  by  Kondratov  \_73~] 
on  samples  from  porcelain  and  steatite.  The  results  of  his  studies 
(Figure  2.14)  show  that  the  surface  strength  first  goes  down,  as 
the  temperature  increases,  and  then  slowly  increases  as  the 
temperature  goes  up.  The  minimum  strength  lies  at  about  120-1  50°  C 
for  both  samples.  Above  the  temperature  450°C  the  flashover 
potential  was  very  low,  and  the  samples  often  suffered  damage. 

Kuffel  and  Matsuyama  [80,  81 1  reported  results  of  the 
effect  of  temperature  which  are  similar  to  the  results  of  Kondratov. 
Measurements  on  samples  of  boron  glass  were  carried  out  in  the 
range  from  20  to  150°C.  The  minimum  in  the  flashover  potentials 
occurred  for  the  temperature  from  80  to  100°C. 


Figure  2.14.  Flashover  potential  as  a  function  of  the  temperature 
of  solid  dielectric  and  electrodes  C  731  : 

1  -  porcelain  sample,  2  -  steatite  sample, 

— —  samples  heated  for  a  long  time  at  the 
temperature  800  C  before  placing  in  the  chamber 

There  are  very  few  publications  dealing  with  the  effect  of 
low  temperature  on  flashover  potential. From  a  practical  viewpoint, 
institutions  concerned  with  cryogenic  cables  and  vacuum  insulation  !i>l 
have  special  interest  in  surface  strength  at  the  temperature  of 
liquid  nitrogen. 

Graneau  [42,  43  3  carrieu  out  investigations  of  flashover 
potential  along  solid  dielectrics  at  the  temperature  of  liquid 
nitrogen.  Measurements  were  done  on  a  system  of  coaxial  electrodes 
made  of  aluminum. 

It  is  difficult  to  evaluate  the  effect  of  temperature  on 
surface  strength  on  the  basis  of  analyzed  investigations,  since 
they  involved  different  electrode  systems  and  different  insulation 
materials. 
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2.3.3.  CONDITIONING 

The  flaehover  voltage  along  solid  dielectric  in  vacuum  increases 
an  first  as  a  function  of  the  number  of  discharges.  Later  it  reaches 
a  constant  value  at  consecutive  flashovers.  This  phenomenon  has 
been  called  the  conditioning. 

The  conditioning  of  sanples  is  a  very  important  factor,  deciding 
the  value  of  flaehover  potential,  hence  many  investigators  dealt 
with  this  problem  [*22,  26,  36,  42,  54,  76,  79,  97,  104]  . 

The  effect  of  conditioning  partially  disappears  when  solid 
dielectric  which  is  in  vacuum  is  disconnected  from  the  potential 
for  some  time.  This  phenomenon  has  been  called  the  un-conditioning. 
The  degree  of  un-conditioning  depends  on  previous  treatment  of 
solid  dielectric  and  electrodes.  After  un-conditioning,  the  flash- 
over  voltage  after  consecutive  discharges  usually  increases 
relatively  faster  than  in  the  previous  conditioning  of  the  new 
sample . 

The  rate  of  conditioning  of  samples  is  dependent  on  the  kind 
of  solid  dielectric,  as  well  as  such  factors  as  the  kind  and  value 
of  applied  potential.  Moreover,  the  time  of  conditioning  is 
influenced  by  the  height  of  applied  pressure,  the  value  of  resistance 
put  in  series  with  investigated  systems, etc.  Glass  and  ceramic 
samples  show  a  slower  conditioning  than  samples  from  thermoplastic 
dielectrics. 

* 

Conducting  paths  and  canals  appear  on  surfaces  of  solid 
dielectrics,  particularly  organic  ones,  during  the  f las hover, 
and  the  surface  of  solid  dielectric  undergoes  degradation.  This 
phenomenon  is  very  undesirable.  Hence,  it  is  adviseable  that  in 
the  case  of  organic  dielectrics  the  conditioning  be  performed 
without  discharges,  and  rather  by  keeping  samples  under  po*-  >ntial 
which  is  somewhat  lower  than  the  expected  flaehover  potent*  i., 
in  order  to  save  samples  from  degradation.  The  conditioning  without 
discharges  at  a  constant  value  of  potential  is  called  the 
conditioning  by  means  of  field  emission  [[56,  94  ~j  . 
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2.3.4.  TYPE  OF  APPLIED  POTENTIAL 


A  large  number  of  works  concern  the  effect  of  the  type  of 
applied  potential  on  the  value  of  flashover  potential  for  various 
solid  dielectrics  in  vacuum.  The  majority  of  investigations  were 
carried  out  for  constant  (direct)  potential,  but  also  other  types 
of  potential  are  represented. 

The  value  of  flashover  potential  for  a  given  type  of  applied 
potential  depends  on  the  material  of  samples  and  method  of  conditio¬ 
ning.  For  various  materials  the  flashover  voltage  is  the  greatest 
for  constant  or  surge  potential.  Kofoid  £72]reports  (Table  2.1) 
that  the  flashover  voltage  for  steatite  samples  is  the  highest  at 
surge  potential,  but  for  zirconium  porcelain  -  at  constant  potential. 
On  the  other  hand,  barium  titanate  has  the  flashover  voltage  the 
same  at  alternating  potential  60  Hz  and  at  surge  potential. 

Kondratov  £73  reported  flashover  voltage  as  a  function  of 
the  length  of  solid  dielectric  for  three  types  of  potential 
(Figure  2.15).  The  flashover  voltage  of  investigated  samples 
is  the  highest  at  the  impulse  (surge)  potential.  The  surface 
strength  at  the  constant  and  alternating  potentials  is  similar. 

For  samples  of  Suiall  length  (4  mm)  the  strength  at  constant 
potential  is  somewhat  higher  than  at  alternating  potential.  At 
impulse  potential,  the  highest  and  the  lowest  values  of  flashover 
voltage  are  given. 

Cross  [22 J  and  Sudarshan  [U4^  studied  the  flashover 
voltage  (Figures  2.8  and  2.9)  of  alundum  (Al20^)  samples  covered 
with  copper  oxide  (Cu20)  and  chromium  oxide  (Cr^O^)  using  constant, 
alternating  and  lightning  surge  potentials.  For  alundum  samples 
not  covered  with  oxides  the  flashover  voltage  after  conditioning 
was  nearly  the  same.  After  covering  of  alundum  sample  with  copper 
oxide  (Figure  2.9b)  the  flashover  voltage  at  surge  potential 
increased  about  twice.  The  coating  of  sample  with  chromium  oxide 
(Figure  2.9c)  caused  nearly  threefold  rise  of  strength  at  constant 
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Table  2.1 

Flashover  voltage  for  ceramic  samples  £72J 


Material 

Flashover  voltage,  kV 

Direct 

(constant) 

potential 

Alternating 

potential 

60  Hz 

Surge 

potential 

1 .5/40  jib 

Steatite 

>  40 

44 

50 

Zirconium  porcelain 

*40 

36 

40 

Rutile 

20 

18 

13 

Barium  titanate 

6.5 

7.5 

7.5 

Length  of  sample  1.1 7  cm,  pressure  10“^  Tr 


Figure  2,15.  Flashover  voltage  as  a  function  of  the  length  of 

sample  at  the  temperature  20°C  C 73 H  :  a)  constant 
potential,  b)  alternating  potential  50  Hz,  c)  impulse 
potential  0.1/180  jis;  _ __  maximal  values,  — —  minimum 
values;  1  -  glass,  2  -  steatite,  3  -  alundura  ceramic, 

4  -  glazed  porcelain 
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potential,  while  the  flashover  voltage  at  impulse  potential  was 
the  lowest. 

lor  impulse  potentials  the  value  of  flar'iover  voltage  usually 
goes  down  as  the  time  of  duration  of  the  impulse  wave  front  increases. 
Kalyatskii  and  Kassirov  [67  3  found  that  the  change  of  strength 
as  a  function  of  the  time  of  duration  of  impulse  wave  front  (Figure 
2.16)  depends  on  the  kind  of  material  and  the  length  of  samples. 

The  above  remarks  indicate  that  it  is  very  difficult  to  make 
unequivocal  conclusion  about  the  effect  of  the  type  of  potential 
on  flashover  voltage. The  effect  depends  on  many  factors  J_54^ 
mainly  the  type  of  dielectric,  method  of  conditioning,  length 
of  samples,  temperature. 


2.3.5.  IRRADIATION 

Using  quartz  glass  and  boron  glass  Gleichauf  [36,  37  [] 
found  the  lack  of  changes  in  surface  strength  for  direct  (constant) 
potential  when  the  samples  were  subjected  to  the  action  of  ultraviolet 
rays.  He  showed  that  the  flashover  potential  remains  constant, 
unchanged  for  the  investigated  solid  dielectrics. 

Kondratov  et  al.  [743  obtained  reduction  of  flashover 
voltage  (Figure  2.17)  for  impulse  potential  a  few  jis  long, 
after  irradiation  of  samples  before  the  application  of  test 
potential.  The  authors  [74j  explain  this  phenomenon  as  the 
effect  of  charge  on  surface  of  dielectrics ,  which  is  formed  during 
irradiation. 

The  charge  accumulated  on  the  surface  of  solid  dielectrics 
causes  an  increase  in  the  conductance  of  samples.  For  impulse 
potential  whose  duration  is  larger  than  10“^  sec,  the  charge  on 
surfaces  of  solid  dielectrics  created  as  a  result  of  secondary 
emission  (caused  by  test  potential)  is  considerably  higher  than 
the  charge  generated  by  ultraviolet  radiation.  This  is  the  reason 
why  Gleichauf  p36,  37 [J  did  not  observe  the  effect  of  irradiation 
on  surface  strength  for  constant  potential. 


Figure  2.16.  Voltage  of  flashover  along  solid  dielectrics  9.5  mm 
long  in  vacuum  as  a  function  of  the  time  of  duration 
of  the  impulse  wave  front  L  671  :  1  -  Teflon, 

2  -  organic  glass,  3  -  polyvinyl  chloride,  4  -  epoxy 
resin;  I,  II,  III,  IV  -  values  of  flashover  voltage 
at  direct  (constant)  potential 


Figure  2.17.  Flashover  voltage  for  impulse  potential  as  a  function 
of  the  length  of  mica  sample  £743  :  ^  *  sample 

without  irradiation,  2  -  irradiated  sample 


2.3.6.  IN-SERIES  RESISTANCE  IN  THE  TEST  CIRCUIT 


The  discharge  current  and  discharge  energy  depend  on  the 
parameters  of  circuit  of  high  potential,  such  as  the  source  power, 
resistance  connected  in  series  with  investigated  object,  capacity 
of  the  system,  resistance  of  connecting  elements,  including 
grounding.  If  the  energy  of  discharge  is  large,  craters  may  appear 
on  the  surface  of  electrodes.  At  the  same  time,  however,  discharge 
current  may  smooth  out  the  surface  of  electrodes  by  melting  sharp 
protrusions,  which  causes  an  increase  in  flashover  voltage  for 
the  vacuum  gap. 

The  phenomenon  of  self-cleaning  of  electrodes  as  a  result 
of  discharge  current  is  the  same  as  in  the  system  of  electrodes 
without  solid  dielectric.  The  effect  of  resistance  connected 
in  series  with  investigated  objects  is  very  large,  particularly 
on  the  process  of  conditioning.  However,  the  number  of  publications 
dealing  with  the  effect  of  resistance  on  conditioning  is  small  [56J 

Gleichauf  [36,  37 J  found  that  the  character  of  discharging 
is  irre producible  when  a  resistor  limiting  the  current  to  values 
below  1  A  was  connected  in  series  with  the  investigated  system. 

The  basic  difficulty  when  applying  resistors  connected 
in  series  lies  in  determination  of  the  value  of  flashover 

tential.  For  a  criterion  of  flashover  the  majority  of  investi¬ 
gators  accept  the  appearance  of  a  bright  spark,  or  a  sharp  drop 
of  potential  at  the  source. 

Finke  [30  3  and  Graneau  [423  report  in  their  works  that 
1  •  have  not  found  any  larger  damage  to  the  surface  of  solid 

uj.electric  and  electrodes  at  high  discharge  currents.  This  is 
explained  by  the  fact  of  increase  of  the  value  of  resistance 
connected  in  series,  as  a  result  of  the  skin  effect,  since  discharge 
in  vacuum  is  a  very  fast  process. 

Nevertheless,  a  degradation  of  the  surface  of  all  solid 
dielectrics  does  take  place  during  the  surface  discharge.  The 


extent  of  the  degradation  of  surfaces  depends  on  the  kind  of  material, 
type  of  potential,  and  primarily  on  the  power  of  source  ard  value 
of  resistance  connected  in  the  circuit. 

2.3.7.  DIELECTRIC  COATING  ON  ELECTRODES 

Several  authors  ["92,  93 1  96,  119J  investigated  the  possibility 
of  increasing  the  electric  strength  of  systems  with  solid  dielectric 
by  coating  the  electrodes  with  solid  dielectric,  and  they  gained 
a  considerable  increase  of  strength  of  such  a  system  (Figure  2.18). 
However,  after  the  flashover  the  coating  of  such  a  system  has 
microcrevices  which  may  reduce  the  electric  strength  of  the 
system. 

In  view  of  some  authors  [55,  64,  98 J  the  effect  of  insu¬ 
lating  coatings  on  electrodes  is  of  particular  significance  for 
increase  of  electric  strength  of  the  system  only  in  the  case  of 
the  first  few  discharges,  since  the  next  flashovers  will  involve 
already  the  coatings  with  microcrevices.  The  increase  of  electric 
strength  depends  on  thickness  of  dielectrics,  its  tightness, 
dielectric  permeability,  and  primarily  the  power  of  source  and 
resistances  connected  in  series  with  investigated  systems. 

2.4.  DIRECTIONS  OF  STUDIES  B7  AUTHOR 

As  follows  from  the  presented  analysis  of  published  work, 
the  results  of  studies  of  the  surface  strength  of  solid  dielectrics 
in  vacuum  are  often  contradictory,  and  the  published  data  are  not 
sufficient  to  attempt  a  synthetic  presentation  of  the  problem  of 
electric  etre..gvh  of  this  system.  One  can  find  also  the  nearly 
total  lack  of  studies  concerned  with  surface  strength  of  solid 
dielectrics  in  vacuum  at  switching  potentials.  This  unsatisfactory 
state  of  knowledge  in  this  area  was  a  reason  for  undertaking 
the  present  work  by  the  author.  Studies  of  surface  strength  were 
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Figure  2.18.  Values  of  flashover  voltage  corresponding  to  the 
consecutive  discharges:  1  -  noncoated  electrodes, 

2  -  electrodes  coated  with  Araldit  lacquer,  40 

limited  to  thermoplastic  dielectrics  because  it  is  anticipated 
that  just  they  will  find  broad  application  in  cryogenic 
systems  £  42 ,  43  3  • 

On  the  basis  of  literature  surveys,  the  following  theses 
concerning  the  investigated  system  were  postulated: 

1 .  Surface  strength  of  insulation  materials  in  vacuum  at 

switching  potentials  iepends  on  the  time  of  duration  of  the 
front  wave  of  switchinj  surge. 

a.  With  the  increase  of  this  time  the  flashovor  voltage 
should  decrease,  which  is  caused  by  accumulation  of  a  larger 
charge  on  the  surface  of 'solid  dielectrics. 

b.  For  long  times  of  duration  of  the  wave  front  of  switching 
surge,  a  part  of  the  charge  should  disappear  frcm  the  surface 

of  solid  dielectric  through  surface  conductance,  resulting 
in  an  increase  in  flashover  potential. 
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c.  Considering  the  factors  listed  in  Points  la  and  1b, 

the  flashover  potential  along  solid  dielectrics  in  vacuum 
should  have,  similarly  to  the  case  of  insulators  in  air, 
a  minimum  in  the  function  of  the  time  of  duration  of  surge 
switching  wave  front. 

2.  Insulation  materials  in  vacuum  suffer  degradation  dependent 
on  the  number  of  flashovers.  Energetic  actions  connected  with 
the  progress  of  discharges  along  the  surface  of  solid  dielectric 
lead  to  degradation  of  thermoplastic  materials  in  vacuum 
as  a  function  of  the  number  of  discharges,  and  to  the  appearance 
of  canals  conducting  during  the  flashover. 

a.  If  consecutive  discharges  damage  strongly  the  surface 

of  thermoplastic  materials  then  the  surface  strength  will 
be  affected  by  way  of  conditioning:  type  of  potential, 
value  of  potential,  number  of  discharges. 

b.  Deterioration  of  insulating  properties  of  thermoplastic 
dielectrics  will  be  different  for  particular  dielectrics. 


The  following  program  was  outlined  to  confirm  the  postulated 
theses: 

1 .  Preliminary  investigations : 

a.  Determination  of  the  effect  of  pressure  on  surface  strength. 

b.  Determination  of  the  effect  of  metallization  of  solid 


dielectric-electrode  contact  on  surface  strength, 

c.  Study  of  the  effect  of  conditioning  parameters  on  surface 
strength:  type  of  conditioning  potential,  number  of 
flashovers,  time  of  intervals  between  flashovers, 

2.  Proper  studies: 

a.  Study  of  surface  strength  as  a  function  of  the  length 
of  solid  dielectric  for  three  materials. 


b.  Study  of  surface  strength  for  direct  (constant),  alternating 
and  lightning  surge  potentials. 

c.  Study  of  surface  strength  for  switching  surges  with 
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different  times  of  duration  of  the  surge  wave  front, 
d.  Study  of  the  degree  of  degradation  of  samples  as  a  function 
of  the  number  of  flashovers. 


3.  MECHANISM  OF  THE  DEVELOPMENT  OF  FLASHOVER  ALONG  THE  SURFACE 
OF  A  SOLID  DIELECTRIC  IN  VACUUM 

In  spite  of  a  large  number  of  investigations  carried  out 
in  the  past  there  is  still  lack  at  present  of  one  concordant  view 
on  the  mechanism  of  flashover  along  solid  dielectrics  in  vacuum. 

For  a  better  picture  of  the  above  problem  we  shall  outline  several 
hypotheses  proposed  by  various  investigators. 

All  the  hypotheses  concerning  the  mechanism  of  the  develop¬ 
ment  of  flashover  in  vacuum  have  one  feature  in  common  -  the  use 
of  electrodes  as  a  source  of  charges  which  condition  flashover 
in  vacuum.  If  between  electrodes  in  vacuum  there  is  a  solid 
dielectric,  then  an  additional  source  of  charges  may  be  provided 
by  layers  of  gas  adsorbed  by  surface,  as  well  as  the  volume  of 
solid  dielectric. 

The  first  description  of  causes  which  condition  the  surface 
flashover  in  vacuum  was  given  by  Gleichauf  £36,  37  3  .He  found 
that  on  increasing  the  potential  between  electrodes  and  solid 
dielectric  there  will  appear  a  pre-discharge  current.  This 
pre-discharge  current  was  in  the  range  of  10“^  to  1 0~ ^  A, 
and  single  short  impulses,  called  microdischarges,  were  up  to  10"^  A. 
A  further  increase  of  potential  between  electrodes  leads  to 
discharge  (flashover).  During  this  increasing  of  potential  there 
occur  single  surface  discharges,  characterized  by  faint  flashes 
on  the  surface  of  solid  dielectric.  Gleichauf  studied  the  effect 
of  pressure  and  roughness  of  electrodes,  and  of  roughness  of 
solid  dielectric  on  the  value  of  flashover  potential.  He  found 
a  large  effect  of  the  method  of  conditioning  the  sample, i.e.  time 
and  value  of  applied  potential,  on  the  value  of  flashover  voltage. 


However,  apart  from  determination  of  quantitative  relationships 
regarding  flashover  potential,  Gleichauf  did  not  attempt  to  explain 
the  mechanism  of  flashover  along  the  surface  of  solid  dielectrics 
in  vacuum. 

One  of  the  oldest  theories  of  the  mechanism  of  surface  flashover 
in  vacuum  belongs  to  Kofoid  f?1,  72 J  .  He  postulated  that  the 
flashover  begins  from  the  emission  of  negatively  charged  particles, 
mainly  electrons,  as  a  result  of  the  increase  of  field  in  the  gap 
between  cathode  and  solid  dielectric.  Electrons  emitted  from  the 
site  of  solid  dielectric-cathode  junctions  collide  with  the  surface 
of  solid  dielectric  and  surface  of  anode.  They  liberate  from  the 
anode  positive  ions  and  X-ray  and  ultraviolet  radiation,  which 
in  turn  hit  the  surface  of  cathode  and  solid  dielectric,  causing 
further  emission  of  electrons.  Kofoid  found  that  there  is  emission 
of  electrons  at  the  site  of  solid  dielectric-cathode  junction, 
and  his  theory  about  liberation  of  X-rays  and  ultraviolet  rays  1  If 
from  anode  was  confirmed  experimentally  by  Gleichauf  £36 ,  37}. 
However,  his  hypothesis  does  not  explain  the  phenomenon  of 
accumulation  of  positive  charge  on  the  surface  of  solid  dielectric. 

Fryszman  et  al.  [33j  proposed  theory  similar  at  least  with 
respect  to  the  initial  state  of  discharging,  that  is  the  emission 
of  electrons  from  the  site  of  the  solid  dielectric-cathode 
junction.  Next,  electrons  colliding  with  the  anode  or  with  the  surface  of  solid 
dielectric  in  the  vicinity  of  anode  cause  the  appearance  of  a 
positive  charge  from  the  side  of  anodes.  The  theory  of  Fryszman, 

Strzyz  and  Wasinski  assumes  that  the  surface  of  solid  dielectric 
(Figure  3.0  in  the  vicinity  of  anode  becomes  gradually  charged 
positively  and  reaches  the  potential  of  anode.  It  means  that  the 
surface  of  solid  dielectric  charged  positively  functions  as  a  part 
of  anode  and  increases  the  field  density  along  the  surface  of 
solid  dielectric.  As  a  result,  electrons  are  emitted  with  greater 
ease  from  the  site  of  junction  of  solid  dielectric  with  cathode. 
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Figure  3.1.  Distribution  of  charges  on  the  surface  of  solid 
dielectric ,  according  to  the  theory  of  Fryszman, 
Strzyz  and  Wasinski  f33J  :  1  -  cathode,  2  -  source 
of  the  emission  of  electrons,  3  “  surface  charge, 

4  -  anode,  5  “  area  of  increased  field  density, 

6  -  ceramic  sample 


The  charged  surface  gradually  spreads  in  the  direction  of  the  cathode 
until  the  field  density  becomes  sufficiently  high  to  initiate  the 
flashover  along  the  surface  of  solid  dielectric.  When  the  electric 
arc  forms,  the  positive  charge  disappears  and  the  field  intensity 
decreases  to  such  an  extent  that  the  arc  becomes  extinguished. 

If  a  solid  dielectric  is  exposed  to  many  flashovers,  its  surface 
will  become  covered  with  a  thin  layer  of  metal  evaporated  from 
electrodes,  which  prevents  accumulation  of  charge  and  in  this  way 
the  flashover  potential  gradually  increases.  However,  this  theory 
does  not  agree  with  results  obtained  by  Gleichauf,  who  found  that 
the  flashover  potential  along  solid  dielectric  increases  with  the 
increase  of  surface  resistance  of  solid  dielectric. 

Watson  [127J  studied  the  mechanism  of  flashover  using 
short-lasting  impulses  and  found  that  the  rate  of  development  of 
flashover  is  very  high,  and  time  to  flashover  is  of  the  order  of 
10  us.  He  suggects  the  appearance  of  thermal  emission,  which 
liberates  electrons  from  solid  dielectric.  This  causes  positive 
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charging  of  the  surface  of  solid  dielectric.  Positively-charged 
surface  of  solid  dielectric  attracts  electrons,  hence  there  is 
an  increasing  number  of  electrons  hitting  the  dielectric. 

As  a  result  of  secondary  emission  there  is  the  growth  of  positive 
charge  on  surfaces  of  solid  dielectric  leading  to  flashovers. 

The  theory  advanced  by  Watson  differs  from  other  theories  about 
the  inintial  emission  of  electrons.  The  hypothesis  by  Watson 
does  not  explain  the  nonlinear  character  of  flashover  potential 
as  a  function  of  the  length  of  solid  dielectrics. 

Bugaev  et  al.  jj  4»  15  3  reP°rt  that  flashover  voltage 
at  constant  potential  depends  on  the  pressure  of  residual  gas. 

They  assume  that  there  is  always  a  thin  layer  of  gas  adsorbed 
on  the  surface  of  solid  dielectric.  They  carried  out  investigations 
of  pre-discharge  potential-current  characteristics  shortly  before 
the  flashover,  and  they  studied  the  rate  of  the  development  of 
arc  and  itB  geometrical  shape.  On  the  basis  of  obtained  results 
and  assumption  of  the  presence  of  gas  adsorbed  on  the  surface 
of  solid  dielectric  they  calculated  pre-discharge  current  and 
obtained  the  value  1  A,  the  result  in  agreement  with  the  value 
obtained  experimentally.  Hence  Bugaev,  Iskoldskii  and  Miesiac 
established  that  the  discharge  starts  in  the  layer  of  adsorbed 
gas,  and  the  flashover  voltage  depends  upon  the  ability  to  adsorb 
gas  by  insulating  material. 

The  first  works  which  stated  a  deperrience  of  flashover  voltage 
on  the  phenomenon  of  secondary  emission  of  electrons  from  the 
surface  of  solid  dielectric  were  publications  of  Boersch  et  al. 

[_  12,  58  3  .  In  the  last  decade.  Cross,  Srivastava,  De  Tourreil 
and  Sudarshan  f  20  ,  23,  110,  111,  114j  developed  a  theory  of 
the  mechanism  of  charging  the  surface  of  solid  dielectric 
through  the  secondary  emission  of  electrons. 

According  to  Boersch,  Hamisch  and  Ehrlich  £l2,  58  3  » 
primary  electrons,  which  are  in  the  system  as  a  result  of  field 
emission,  collide  with  the  surface  of  solid  dielectrics^  causing 
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secondary  emission  of  electrons  from  surfaces  of  solid  dielectric. 
As  a  result  of  this  secondary  emission,  a  charge  is  formed  on  the 
surface  of  solid  dielectric,  dependent  upon  the  coefficient  of 
the  secondary  emission  of  electrons  *  (Figure  3.2.). 


Figure  3.2.  Coefficient  of  secondary  emission  of  electrons  5 
as  a  function  of  the  energy  of  primary  electrons 

The  coefficient  of  secondary  emission  of  electrons  is  a  function 
of  the  energy  of  primary  electron.  To  the  coefficient  of  secondary 
emission  =  1  correspond  two  values  of  the  energy  of  primary 
electron,  denoted  by  Ej  and  Ejj  (Figure  3*2.).  The  surface  of 
solid  dielectric,  which  is  under  electric  potential  (constant 
supply  of  electrons),  will  be  charged  positively  or  negatively 
depending  on  the  energy  of  primary  electrons.  For  Ej  <  Ep  <  Ejj 
the  coefficient  of  secondary  emission  of  electrons  <5>  1,  and 

i  L 

the  surface  of  solid  dielectric  is  charged  positively.  If  the  ; 

energy  of  primary  electron  Ep  is  smaller  from  Ej  or  larger  th?n  7^ 
the  coefficient  of  secondary  emission  of  electrons  <5  <  1 ,  and 
the  surface  of  solid  dielectric  is  charged  negatively. 

The  works  £12,  58  2  show  change  of  the  charge  density 


Figure  3.3.  Change  of  the  charge  density  on  surface  of  solid 

dielectric  as  a  function  of  the  angle  of  inclination 
of  solid  dielectric  «  ,  for  various  values  of 

test  potential  [J2,  58  ^ 

on  surface  of  solid  dielectrics  (Figure  3.3)  as  a  function  of  the 
values  of  applied  potential  and  the  angle  of  inclination  of  the 
surface  of  solid  dielectric  to  electrode. 

In  the  mechanism  given  by  Boersch,  Hamisch  and  Ehrlich, 
the  surface  of  solid  dielectric  is  first  charged  positively 
(if  $>  1)  at  the  cathode,  and  then  the  positive  charge  moves 
in  the  direction  of  anode.  It  is  assumed  that  routes  of 
electrons  causing  the  secondary  emission  are  the  same. 
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Cross  and  Srivastava,  using  an  electron  beam,  also  performed 
measurements  of  charge  density  on  the  surface  of  solid  dielectrics 
formed  at  various  potentials  of  electric  field.  The  obtained 
experiments!  charge  density  was  similar  to  the  calculated  density. 
According  to  Cross,  the  charge  density  on  surface  of  solid  dielectrics 
is  different  at  particular  points  of  insulator.  Sections  of  solid 
dielectric  may  be  charged  positively  or  negatively,  since  this 
depends  on  the  type  of  solid  dielectric  and  on  the  energy  of 
electron  hitting  the  surface  of  solid  dielectrics. 

The  authors  of  the  work  [  1 14  3  carried  out  studies  of  the 
effect  of  the  coefficient  of  secondary  emission  of  electrons 
on  flashover  voltage  (Figure  2.9)  and  distribution  of  charge 
on  surface  of  solid  dielectrics  for  three  materials  having  different 
coefficients  of  secondary  emission  of  electrons.  They  found  that 
the  charge  distribution  is  dependent  on  values  of  applied  potential, 
coefficient  of  secondary  emission,  and  the  angle  of  inclination 
of  the  surface  of  sample  to  electrode.  For  the  time  of  duration 
of  potential  of  the  order  of  a  few  vs,  the  charge  has  no  time 
to  get  established,  hence  we  have  an  increase  of  flashover  voltage 
for  surge  potentials. 

The  basic  difference  between  the  theory  of  Fryszman  [33  J 
and  theories  of  Boersch  [12,  58]  or  Cross  [20,  23,  1!0,  111,  114j 
is  the  placement  of  positive  charge  on  surface  of  solid  dielectrics 
and  the  direction  of  its  spreading.  Fryszman  postulated  that  the 
positively-charged  part  of  surface  of  solid  dielectric  is  first 
formed  in  the  vicinity  of  the  anode  and  then  spreads  in  the  direction 
of  cathode.  Theories  of  Boersch  and  Cross  make  opposite  assumption 
that  the  surface  of  solid  dielectrics  near  the  cathode  is  charged 
positively,  and  then  the  charged  surface  extends  towards  the 
anode.  The  process  described  according  to  the  model  of  Fryszman 
requires  a  longer  time  to  reach  the  flashover  than  the  processes 
according  to  Boersch  or  Cross. 
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Examining  gases  which  were  evolved  shortly  before  the  flashover 
Akahane  et  al.  £2,  3j  found  that  they  originated  from  solid 
dielectrics.  They  postulate  that  electrons  emitted  at  the  site 
of  solid  dielectric-cathode  surface  junction  liberate  gas  adsorbed 
by  the  surface  of  these  materials*  A  local  increase  of  the  pressure 
of  gas  at  the  surface  of  solid  dielectric  is  the  reason  of  flashover 
caused  by  charge  accumulated  on  the  surface  of  solid  dielectric. 

According  to  the  theory  of  Akahane,  the  flashover  voltage 
decreases  with  the  amount  of  gas  adsorbed  by  solid  dielectrics, 
and  with  the  amount  of  electrons  emitted  at  the  site  of  junction. 

In  order  to  check  this  hypothesis,  Akahane  measured  the  flashover 
potential  for  polyethylene  samples  which  had  been  heated  for 
various  periods  of  time,  and  found  that  the  value  of  flashover 
potential  goes  down  if  the  time  of  heating  increases  to  100  hours, 
and  then  reaches  a  constant  value  (Figure  3.4).  He  postulates  also 
that  the  lowering  of  flashover  potential  depends  on  the  oxidation 
connected  with  heating.  This  theory  is  similar  to  the  theory 
proposed  by  Bugaev,  and  it  contains  the  same  problem  of  the  presence 
of  gas  on  surfaces  of  solid  dielectric. 

Avdienko  and  Malev  £7*  8,  9  ^  advanced  a  mechanism  of  surface 
flashover  suggesting  the  gas  model  of  flashover.  They  think  that, 
as  a  result  of  desorption  of  gas  from  surfaces  of  solid  dielectric, 
there  will  be  formed  a  layer  (cloud)  of  gas  at  the  surface  of  the 
solid  dielectric.  Under  the  effect  of  applied  electric  fields 
the  emitted  electrons  will  cause  ionization  of  gas  particles 
in  this  gas  layer,  causing  an  increase  in  the  number  of  electrons 
and  consequently  leading  to  appearance  of  a  plasma  channel  which 
joins  the  two  electrodes.  The  potential  of  surface  flashover 
was  calculated  as  a  function  of  the  amount  of  evolved  gas.  The 
effectiveness  of  desorption  of  outer  layers  of  gas  ,  according  to 
these  authors,  should  be  higher  than  that  from  inner  layers. 

It  follows  from  this  that,  at  the  same  field  potential,  the 
amount  of  desorbed  gas  as  a  function  of  time  decreases,  and 
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Figure  3.4.  Flashover  voltage  as  a  function  of  the  time  of  heating 
of  polyethylene  samples  at  the  temperature  lOOoc  f 3  1 
sample  length  2.  mm  J 

surface  strength  increases.  Such  a  process  takes  place  during 
conditioning  of  samples.  The  proposed  mechanism  explains  the  reason 
for  shortening  of  the  conditioning  time  after  thermal  degassing 
of  samples,  and  an  increase  of  potential  of  the  first  flashover 
after  a  prolonged  pressure  conditioning. 

Anderson  and  Brainard  £4 »  suggest  a  mechanism  of  the 
development  of  surface  flashover  in  vacuum  as  a  result  of  the 
secondary  emission  of  electrons  and  desorption  of  gas  from  surface 
of  solid  dielectrics..  This  mechanism  is  based  on  the  phenomenon  of 
electron-stimulated  desorption.  In  the  given  mechanism  of  flashover 
in  vacuum  it  is  assumed  that  after  the  application  of  potential 
there  occurs  charging  of  the  surface  of  solid  dielectric  with 
positive  charge,  and  the  accompanying  cascade  of  electrons, 
as  a  result  of  the  secondary  emission  of  electrons,  has  a  constant 
value  through  a  large  part  of  time  before  the  flashover. 

Bombardment  of  the  surface  of  solid  dielectrics  with  electron 
cascade  causes  the  desorption  of  gas,  which  is  partly  ionized 
since  it  is  mixed  with  a  large  number  of  electrons  in  cascade. 


The  electric  field  at  the  cathode  edge  of  solid  dielectrics  becomes 
strengthened  as  positive  ions  accumulate,  which  in  turn  increases 
the  degree  of  gas  desorption  and  ionization.  Processes  of  increase 
of  the  number  of  electrons  lead  to  flashover.  The  proposed  model 
of  discharging  allows  to  foresee  the  time  to  flashover  and  the 
dependence  of  flashover  voltage  on  the  length  of  solid  dielectrics. 

Bugaev  et  al.  in  works  £"14,  1 5]  ,  and  Akahane  et  al.  [  2,  3^ 
pointed  to  the  importance  of  desorbed  gas,  and  gave  mechanism  of  the 
development  of  electron  cascade;  in  the  mechanism  the  authors 
assume  that  the  discharge  develops  itself  within  the  thin  layer 
of  gas  adsorbed  on  surface  of  solid  dielectrics  . 

Avdienko  and  Malev  ^  7,  8,  9J  suggest  the  mechanism  of 
surface  flashover,  in  which  the  discharging  takes  place  in  the  layer 
of  desorbed  gas.  They  do  not  take  into  consideration,  however, 
the  secondary  emission  of  electrons  at  the  surface  of  solid 
dielectric. 

Anderson  and  Brainard  ["4,  5j  explain  the  mechanism  of  the 
development  of  surface  flashover  in  vacuum  as  a  result  0f  the 
secondary  emission  of  electrons  and  desorption  of  gas  from  the 
surface  of  solid  dielectric. 
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A.  APPARATUS,  EXPERIMENTAL  PROCEDURE  AND  TREATMENT 

OF  RESULTS 

4J.  APPARATUS 

Investigations  were  carried  out  in  a  vacuum  chamber 
where  vacuum  was  obtained  by  means  of  a  system  of  pumps, 
enabling  to  reach  the  vacuum  of  about  133.22x10“^  Pa  (10**^  Tr). 
The  system  of  vacuum  pumps  consisted  of  a  rotational  pump  with 
the  rate  of  pumping  1 90  1/min  and  an  oil  diffusion  pump. 

General  view  of  the  test  stand  together  with  measuring  instru¬ 
ments  is  shown  in  Figure  4.1  . 

Vacuum  measurements  were  made  by  means  of  an  ionization 
vacuum  gauge  with  Penning  type  sensor  placed  in  the  base  of 
vacuum  chamber.  Since  it  was  found  that  the  value  of  flashover 
voltage  in  the  range  of  pressure  from  133.322x10“^  Pa  to 
133.322x10”^  Pa  (from  10”^  to  10“^  Tr)  remained  nearly  indepen¬ 
dent  of  pressure,  the  measurements  of  flashover  voltage  were 
done  at  the  pressure  133.322x10”^  Pa  (10“^  Tr). 

Diagram  of  the  vacuum  chamber  is  shown  in  Figure  4.2. 

The  chamber  consists  of  a  glass  cylinder  of  height  40  cm  and 
diameter  30  cm,  closed  at  both  ends  by  means  of  stainless  steel 
plates.  The  chamber  was  made  hermetical  by  means  of  neoprene 
gaskets  lubricated  with  special  silicone  grease. 

Flat  electrodes  were  made  of  brass  covered  with  nickel. 
The  diameter  of  electrodes  was  1  5  cm,  and  the  edges  had 
curvature  according  to  the  formula  of  Rogowski,  ensuring  the 
uniformity  of  fields  at  sample  length  up  to  30  mm. 

As  a  solid  dielectric  placed  between  the  electrodes 
for  investigations  we  used:  polymethylmethacrylate  (organic 
glass),  polytetrafluoroethylene  (Teflon)  and  polyethylene. 

These  materials  have  a  large  potential  for  application  in 
cryogenic  cables  ^42,  43 2  since  they  possess  a  high  electric 


Figure  4.1.  Test  stand  together  with  measuring  instruments: 

vacuum  chamber,  a  system  of  vacuum  pumps,  vacuum 
gauge,  oscilloscope  of  company  Tektronix  type  5“5  A, 
voltage  regulator,  voltmeter 

strength  and  it  is  relatively  easy  to  obtain  any  planned  shape 
of  the  insulator.  Electrical  properties  of  investigated  materials 
are  presented  in  Table  4.1 »  The  samples  had  cylindrical  shape 
of  diameter  25  mm  and  of  length  5i  10,  15  and  20  mm. 

To  ensure  good  contact  between  investigated  samples  \ J 

and  the  electrodes,  the  ends  of  cylindrical  samples  were 
polished  and  then  covered  with  a  layer  of  silver  by  the  method 
of  vacuum  evaporation.  Moreover,  a  good  contact  between  electrodes 
and  silvered  surface  of  solid  dielectrics  was  obtained  by  means 
of  pressure  on  the  upper  electrode  equal  to  196.133  kPa 
(2  kG/cm2).  Before  placing  in  vacuum  chamber  the  samples  and 


Figure  4.2.  Vacuum  chamber  with  a  system  of  flat  electrodes  and 
solid  dielectric  between  electrodes:  1  -  electrodes, 

2  -  investigated  sample  of  solid  dielectric,  3  ** 
insulators  supporting  the  lower  electrode,  4  -  glass 
cylinder,  5  -  metal  plates,  6  -  to  vacuum  pump, 

WN  -  high  voltage 

electrode  ..  'e  washed  with  trichloroethylene  and  then  dried  and 
wiped  with  linen  (lint  free)  material. 

As  a  source  of  high  voltage  of  alternating  type  we  used 
a  test  transformer  300  kV,  50  kVA;  a  system  of  rectifiers  was 
connected  to  obtain  direct  potential.  In  order  to  reduce  the 
shorting  current  during  the  flashover,  we  applied  a  resistor 
of  value  2  M.  fl  .  The  state  of  shorting  of  the  system  was  interrupted 
after  9  ns. 

One  of  the  main  aims  of  investigations  was  to  check  the 
effect  of  the  shape  of  wave  simulating  the  switching  overvoltage 
on  the  flashover  potential.  As  a  source  of  switching  voltages 
we  used  a  generator  of  switching  surges  with  time  of  duration 
of  the  surge  wave  front  from  1.2  us  to  600  us  and  the  time  to 
half- peak  from  50  us  to  3000  us.  The  switching  surge  of  required 
shape  was  obtained  from  a  two-step  generator  (Figure  4.3)  by 
changing  the  resistances  and  capacity  C1  in  the  circuit. 

Capacities  and  C^  formed  a  capacity  divider,  which  supplied 
the  oscilloscope  of  company  Tektronix  type  585  A, with  long  glow 
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Table  4.1 

Electrical  properties  of  investigated  insulating  materials 


Property 

Polymethyl 
methacrylate 
(organic  glass, 
Plexiglass) 

Polytetra 

fluoroethy 

lene 

(Teflon) 

Dielectric  strength 
(kV/mm) 

48.2 

37.7 

Dielectric  permeability 
at  f  =  60  Hz 

3.7 

1  .95 

Coefficient  of  dielectric 
losses  tg  J .  at  f  »  60  Hz 

0.0622 

0.0003 

Volume  resistivity 
(  ^  .  cm) 

10^ 

lO17 

Surface  resistivity 
(  ft  cm/cm) 

1  ,2*1015 

1016 

lene 


35.5 
2.26 
0.0004 


serving  to  register  the  course  of  surges. 

An  electromagnetic  voltmeter  cl.  0.5  supplied  from  resistance 
divider  (distributor)  served  to  measure  values  of  direct  and 
alternating  potentials.  The  error  in  measurements  of  direct  and 
alternating  potentials  v.^s  of  the  order  of  1%.  Values  of  lightning 
surge  potential  and  switching  potential  were  measured  by  means 
of  a  spherical  sparkmeter,  whose  maximal  measurement  error  is  3%. 

Outside  the  vacuum  chamber  there  was  placed  a  Video  type 
camera  coupled  with  magnetoscope,  monitor  and  a  photographic 
camera. 

For  studying  the  degree  of  degradation  of  the  surface  of 
investigated  samples  we  used  an  electron  microscope  type  SUPER 
MINI-SEM  ,  produced  by  Japanese  company  JEOL,  and  an  optical 
microscope. 

Spectrographic  analysis  was  done  by  means  of  a  spectrograph 
type  SPECORD  71  IR. 


OH 


Figure  4.3«  Generator  of  switching  surges:  TG-  trigatron,  I  - 

spherical  sparkmeter,  K  -  vacuum  chamber  with  system 
of  electrodes  and  solid  dielectric,  C-  generator  capacity 
0.25  ,  R  -  charging  resistance  3*5  ka  ,  R,  -  resis¬ 

tance  forming  the  course  of  surge  from  520  a  to  600  k  a.  , 
R,  -  resistance  forming  surge  wave  front  from  5  k a  to 
100  k  A  ,  Z  =  R,  -  cable  impedance'  ?5 -a  ,  C,  -  load 
capacity  Q.005.H^  (not  used  for  normal  surge  wave 
1  ,2/50  .)*■),  C2  -  divider  capacity  0.0001  .p*., 

-  divider  capacity  0.1  ,  M  -  D.C.  source 

4.2.  EXPERIMENTAL  PROCEDURE 

It  is  a  known  fact  that  the  method  of  joining  the  solid 
dielectric  with  electrode  £71  >  72]  has  a  large  influence  on 
the  pre-discharge  mechanism  and  the  flashover  potential.  Prepara¬ 
tion  of  samples  under  uniform  conditions  and  elimination  of  air 
space  between  solid  dielectric  and  electrodes  enables  c.ne  to  obtain 
results  with  relatively  small  scatter.  According  to  many  authors 
£  36,  69 J  the  lack  of  good  contact  between  solid  dielectric 
and  electrode  makes  it  impossible  altogether  to  carry  out 
reliable  measurements.  Hence,  as  was  mentioned  in  Section  4.1  , 
the  investigated  samples  had  silvered  surfaces  of  contact  with 
electrodes  and  there  was  a  constant  press  applied  to  electrodes. 

As  follows  from  the  above,  different  values  of  flashover 
potential  may  be  obtained  depending  on  the  way  of  joining  solid 
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dielectrics  with  electrodes,  e.g.,  solid  dielectrics  may  be  even 
inserted  into  the  electrode  (Figure  2.5).  However,  at  a  good 
contact  of  solid  dielectric  with  electrodes  the  scatter  of  measu¬ 
rement  results  should  be  small. 

Preliminary  experiments  have  shown  that  the  time  of  degassing 
of  the  chamber  with  the  sample,  counting  the  time  from  the  moment 
of  obtaining  vacuum  to  the  moment  of  applying  the  test  potential, 
has  a  large  effect  on  value  of  potential  of  pre-flashover 
discharging  and  on  the  degradation  of  sample.  For  this  reason, 
after  placing  sample  in  the  chamber  the  whole  system  was  subjected 
to  degassing  for  the  period  of  24  hours  at  the  pressure  133.322x10"^ 
Pa  (10"6  Tr). 


The  investigated  samples  were  made  from  synthetic  materials 
which  had  relatively  low  melting  temperatures,  hence  it  was 
not  possible  to  apply  the  technique  of  heating  samples  auring 
degassing.  At  the  time  of  measurements  the  temperature  was 
293  i  2  K  (20  ♦  2°C), 

Usually,  the  first  measurements  gave  lower  values  of  the 
flashover  voltage.  For  this  reason  and  in  view  of  conditioning 
requirements  it  was  decided  that  only  after  10  flashovers  the 
readings  would  be  taken  for  10  consecutive  flashovers,  which 
gave  results  with  small  scatter.  An  example  of  the  increase  of 
flashover  potential  as  a  function  of  consecutive  readings  is 
shown  in  Figure  4.4  and  Table  4.2. 

In  order  to  obtain  concordant  and  reproducible  values  of 
the  flashover  potential  each  new  sample  was  conditioned  by  the 
application  of  direct  or  alternating  potential  of  values  somewhat 
above  of  which  the  pre-flashover  discharging  takes  place, 
that  is  about  70%  of  flashover  potential.  This  potential  was 
maintained  until  the  pre-flashover  discharging  completely 
subsided,  for  the  period  of  15  minutes.  Next,  the  test  potential, 
direct  or  alternating,  was  gradually  raised  by  about  2  kV  every 
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Fig.  4.4.  Flashover  voltage  as  a  function  of  consecutive 
flashover  for  five  various  samples.  Alternating  potential, 
pressure  133 • 322xl0“5  Pa  (lO"5  Tr),  samples  of  polymethyl¬ 
methacrylate  10  mm  long  (see  table  4.2). 

Keyj  (1)  Number  of  flashovers. 
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Table  4.2.  Flashover  voltage  as  a  function  of  consecutive 
flashovers  for  five  various  samples  of  polymethyl¬ 
methacrylate  10  mm  long.  Alternating  potential,  condition 
lng  with  alternating  potential. 


- 

Kolajnjr 

przMkok' 

Napitel*  prtMkoku  Upa,  kV 

tradala 

UpftAr 

(V 

Pribka 

|  n 

■3 

n 

ni 

D 

V 

1 

31,0 

33.2 

31.31 

1 

2 

31.4 

31,6 

32,8 

33,6 

33.4 

32,56 

i 

3 

30,0 

31,0 

33,0 

35.2 

33.6 

32,56 

m»5 

33,2 

31,2 

35.0 

35.0 

34,0 

33.68 

2,  «po 

5 

33,8 

35,6 

33,6 

38,8 

37,0 

35,76 

..  mil 

*  — 5 — 

6 

37.2 

40,0 

36,4 

39,0 

39,0 

38,32 

1  7 

37,0 

41,0 

38,0 

39.6 

42,0 

39.52 

8 

40,0 

44,0 

43.0 

42,8 

41,4 

42,24 

9 

38,8 

40,8 

43.6 

44,0 

42,0 

41,84 

10 

*3,0 

44,6 

46,6 

46,6 

48,6 

45,86 

1  11 

46,6 

49,0 

*7,0 

42,0 

48,0 

*6,52 

'  ! 

!  12 

44,0 

46,6 

*9,4 

*5.0 

50,4 

47,08 

*  “■% -  | 

13 

*5,6 

*5,6 

*5.4 

48,6 

51.4 

*7.32 

14 

47,4 

*9,0 

46,6 

51,0 

SI.* 

*9.08 

D*“kr(*x)  ■  52 

15 

48,2 

4«,2 

51.8 

54,0 

54,0 

51,2* 

1 

16 

43,0 

46,0 

*7.0 

41,0 

53,0 

46,00 

Up4r  .  49.00  ; 

17 

49,0 

49,0 

51,8 

47,0 

54,4 

50.2* 

! 

18 

47,0 

48,0 

51.2 

47,8 

51,0 

49.00 

“Pertain)  *  46*00 

!  19 

52,8 

44,0 

55,0 

49,8 

52,0 

50,56 

;  20 

52.6 

52,0 

52,0 

5*,2 

54,0 

52.96 

J _ _ 

Key:  (1)  Consecutive  flashover}  (2)  Flashover  voltage} 

(3)  Sample}  (4)  Average  value. 


1 

1 


-  68 


second,  until  the  flashover  occurred. 

In  order  to  obtain  reproducible  results  of  measurements  at 
normal  surges  and  switching  surges, the  samples  were  first  conditio¬ 
ned  with  direct  or  alternating  potential  in  the  same  way  as  in 
the  test  with  direct  or  alternating  potential,  that  is  to  say 
they  were  allowed  to  have  the  first  10  flashowers  using  the  direct 
or  alternating  potential.  Next,  10  normal  surges  or  switching 
surges  were  applied  at  each  potential  level  in  one-minute  time 
intervals.  The  voltage  was  increased  gradually  by  about  5%  of 
the  value  of  flashover  potential,  beginning  at  about  70%  of  the 
expected  flashover  potential,  as  is  illustrated  in  Figures 
4.5  and  4.6. 

Experiments  were  performed  on  5  samples  for  each  length  j  ^2 
of  sample  and  type  of  test  potential.  Ten  measurements  were  made  — 
for  each  type  of  test  potential,  and  thus  the  value  of  flashover 
potential  for  a  given  measurement  point  is  determined  as  an  average 
value  from  50  measurements , 

Figure  4.4  shows  as  an  example  the  flashover  voltage 
as  a  function  of  consecutive  measurements  for  5  different  samples 
of  polymethymethacrylate  of  length  10  mm. 

4.3.  TREATMENT  OF  EXPERIMENTAL  RESULTS 

Treatment  of  experimenteal  results  was  based  on  statistical 
analysis  Cl12j  which  permitted  to  obtain  representative  data. 

The  obtained  results  of  the  conducted  studies  of  surface 
electric  strength  of  solid  dielectrics  in  vacuum  are  random 
events,  characterizing  distributions  of  variable  random  results 
of  measurements  (measurement  domains) ,  The  obtained  completed 
set  of  results  for  one  measurement  is  a  random  sample  from  the 

general  population. 

General  values  obtained  in  measurements  can  be  represented  as: 
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Figure  4.5  (left).  Oscillogram  of  consecutive  switching  surges 
50/250  ys,  pressure  1 33.322x1 0~5pa  (10*"5  Tr),  sample 
of  polymethylmethacrylate  5  mm  long. 

Counting  from  top  to  bottom:  1  -  18.0  kV,  first  surge; 
2  -  18.0  kV,  tenth  surge;  3  -  22.0  kV,  first  surge; 

4  -  22.0  kV,  tenth  surge;  5  -  26.0  kV,  first  surge; 

6  -  26.0  kV,  tenth  surge;  7  -  28.0  kV,  first  surge; 

8  -  28.0  kV,  tenth  surge;  9  -  29.5  kV,  first  surge  - 

-  flashover;  10  -  29.5  kV,  second  surge  -  flashover 


Figure  4.6 


(right).  Oscillogram  of  consecutive  switching  surges 
80/700  ys,  pressure  133.322x1 0~5Pa  (10**5  Tr),  sample 
of  polymethylmethacrylate  5  mm  long. 

Counting  from  top  to  bottom:  1  -  13. 0  kV,  first  surge; 
2  -  13.0  kV,  tenth  surge;  3  -  17.0  kV,  first  surge; 

4  -  17.0  kV,  tenth  surge;  5  -  20.0  kV,  first  surge; 

6  -  20.0  kV,  tenth  surge;  7-21.0  kV,  first  surge; 

8-21,0  kV,  tenth  surge;  9  -  22. 5  kV,  first  surge  - 

-  flashover;  10  -  22.5  kV,  second  surge 
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nt  m  |i  ♦  •  ♦  tx  , 
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where:  -  value  obtained  in  i-th  measurement, 

T  -  constant  part  of  measured  quantity, 
p  -  actual  (real)  value  of  measured  quantity, 
e  -  systematic  error  of  measurement, 
cx  -  accidental  (random)  error  of  measurement. 

Appropriate  apparatus,  materials  and  methods  of  measurement 
were  used  to  reduce  systematic  errors. 

For  consideration  of  random  errors  we  took  the  model  of 
the  normal  distribution  of  errors,  since  such  type  of  distribution 
is  taken  as  a  rule  in  statistical  analyses  of  the  results  of 
measurements  in  similar  experiments. 

For  the  accepted  normal  distribution  of  errors,  the  values 
of  measurements  x^  for  each  measurement  nest  will  also  be  subject 
to  normal  distribution  described  by  the  function: 

“*‘l '  7ZT  ['  ]• 

where:  s  -  standard  deviation  of  errors. 

The  obtained  results  of  measurements  as  a  sample  of  general 
population  do  not  provide  the  real  values  but  'they  only  supply 
information  for  their  estimate. 

Arithmetic  mean  was  determined  from  a  sample  which  is  not 
limited  by  estimating  the  value  of  the  expected  population: 


a  ■ 
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Unlimited  estimators  of  variance  were  obtained  from  the 
formula : 

where:  "x  -  arithmetic  mean  of  sample 
Xj-  value  of  i-th  measurement 
n  -  number  of  items  in  sample. 

The  level  estimate  was  also  made.  It  allows  to  determine 

confidence  levels  of  the  parameters  of  distribution,  that  is 

such  levels  around  the  values  of  measurement  results  that  the 

probability  that  the  expected  value  and  value  of  variance  of 

2 

general  population  s  ,  would  lie  in  this  range,  and  the  probability 
had  a  given  value  called  the  confidence  level. 

For  the  normal  distribution  of  random  variable  of  measure¬ 
ment,  when  the  value  of  standard  deviation  (s)  of  the  population 
is  unknown  and  we  only  have  its  estimate,  the  confidence  level 
is  described  by  expression: 

where:  E(x)  -  expected  value, 

t  -  random  variable  in  t-Student  distribution  (the 
P 

value  of  tp  is  found  in  tables  for  the  accepted 
«*■  =  1  -p  and  for  degree  of  freedom  v  =  n-1 ) , 

<*  =  1  "P  -  level  of  significance, 
p  -  confidence  level. 

We  applied  statistics  to  check  the  hypothesis  of  the 
normal  distribution  of  measurement  results.  To  reject  values  of 
measurements  considerably  differing  from  other  values  we  used 
the  method  of  Dixon.  This  method  assumes  the  normal  distribution 
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of  the  results  of  measurements,  and  consists  of  lining  the  results 
in  increasing  order  after  rejecting  the  minimal  values,  and  in 
decreasing  order  after  rejecting  the  maximal  values.  Testing  of 
the  hypothesis  about  normal  distribution  of  measurement  results 
was  done  at  the  level  of  significance  «  =  0.05.  The  obtained  results 
gave  no  reason  for  rejecting  the  hypothesis. 

Average  values  of  measurement  results  are  shown  in  graphs. 

In  several  cases  the  extreme  values  were  rejected.  Confidence 
ranges  of  average  values  of  measurements  lie  within  the  maximal 
limits  for  the  accepted  levels  of  confidence: 

a*04l4  p  -  0,9t  0.977  *  +  1.023  I  . 

<*■  b,09|  p  •  0,95|  0,972  5  ♦  1,028  5  . 

a*  0,O1|  P  .  o,99|  0,962  5  ♦  1.0J8  S  . 

Confidence  ranges  for  variance  are,  respectively: 

a  «  0.1 |  0.7095  ♦  1,377  «2  , 

<*•  0,05»  0.660%  «2  +  1,457  *2  , 

a  a  0,01 1  0,5710  *2  ♦  1,622  i2  . 


In  this  work,  on  selected  graphs  we  are  giving  relations 
between  values  arising  from  measurements  by  means  of  analytical 
equations.  The  mathematical  form  of  dependence  between  empirical 
variables  is  not  known.  It  was  necessary,  therefore,  not  only  to 
determine  equation  constants  but  first  to  choose  the  most  suitable 
form  of  the  equation. 

When  choosing  the  form  of  an  empirical  equation  representing 
the  experimental  data  we  tried  to  find  a  equation  expressing  best 
the  relations  between  variables,  having  physical  reason,  and  also 
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having  possibly  the  smallest  number  of  constants.  The  method  of 
least  squares  was  applied  to  determine  constants  of  the  equation. 


5.  RESULTS  OF  OUR  INVESTIGATIONS  OF  THE  SURFACE  ELECTRIC 
STRENGTH  OF  THERMOPLASTIC  MATERIALS  IN  VACUUM 

5J.  V.'FECT  OF  PRESSURE  ON  FLASHOVER  POTENTIAL 

As  was  already  mentioned  in  Section  2.3.1.,  Ramm  [JOO] 
observed  the  existance  of  the  effect  of  pressure,  in  the  range 
from  1 33.322x1 0“6  Pa  to  133.322x1 0“2  Pa  (from  10“6  to  10"2  Tr), 
on  electric  strength  of  the  system  solid  dielectric-vacuum. 

Ramm  did  not  carry  out  detailed  investigations,  but  he  noted 
only  a  change  of  electric  strength  of  pass  insulator  in  vacuum 
as  a  function  of  pressure. 

For  determination  of  electric  strength  of  the  system 
solid  dielectric-vacuum  we  measured  and  then  analyzed  the  effect 

of  pressure  in  the  range  from  133*322x10  Pa  to  133.322x10  Pa 

—6  —2 

(from  10  to  10  Tr).  Samples  from  polymethylmethacrylate, 
polytetrafluoroethylene  and  polyethylene  of  length  5,  10,  15 
and  20  mm  were  used  in  investigations.  Measurements  were  carried 
out  using  the  following  potentials:  direct,  alternating  60  Hz, 
surge  1 ,2/50  ys,  and  switching  surge  50/250  jis  and  400/2000  us. 

In  order  to  obtain  reproducibility  of  results  of  investigations 
we  carried  out  conditioning  of  samples  according  to  Section  4.2. 

Figure  5.1  presents  dependence  of  flashover  potential 
at  direct  potential  as  a  function  of  pressure  for  samples  from 
polymethylmethacrylate  of  length  from  5  bo  20  mm.  For  all  the 
lengths  of  investigated  samples  the  flashover  voltage  showed  the 
tendency  of  going  down  as  the  pressure  increased  from  133.322x10"^ 
Pa  to  133.322x10"^  Pa  (from  10"^  to  10-i+  Tr).  The  lowering  of 
electric  strength  of  the  system  in  this  range  of  pressure  is 


-  74  - 


rather  small.  Then  the  flashover  voltage  increases  strongly  and 
reaches  the  maximum  value  at  the  pressure  of  about  666.61x10""^  Pa 
(5x1 0“^  Tr).  In  turn,  the  flashover  voltage  goes  down  and  falls 
to  the  value  nearly  zero. 

Measurement  of  the  electric  strength  of  systems  at  pressures 
from  1 33.322x1 0*3  Pa  to  1 33.322x1 0-2  Pa  (from  10 to  10~2  Tr) 
is  practically  impossible,  since  already  at  several  kV  there 
occurs  an  incomplete  discharge  and  the  whole  interior  of  the 
chamber  glows  with  light-blue  color.  The  intensity  of  this  glow 
increases  with  the  increase  of  applied  potential,  and  the  most 
pronounced  glow  appears  on  the  surface  of  solid  dielectric, 
particularly  at  the  site  of  the  dielectric-electrode  junction. 

An  attempt  was  made  lo  utilize  thi j  phenomenon  of  glowing 
for  the  conditioning  of  samples.  Such  conditioning  of  samples 
by  means  of  glow  resulted  in  a  reduction  of  the  scatter  of 
measurement.  However,  this  method  was  abandoned  because  of 
difficulties  with  determining  unambiguosly  the  parameters  of 
conditioning. 

Measurements  of  electric  strength  of  the  system  solid 
dielectric-vacuum  were  intended  to  be  carried  out  for  various 
types  of  supply  potential.  Hence  we  performed  measurements  of 
flashover  voltage  of  investigated  systems  as  a  function  of  pressure 
for  all  types  of  test  potentials.  Figure  5.2  shows  results  of 
conducted  investigations  of  flashover  voltage  as  a  function  of 
pressure  for  a  sample  from  polymethylmethacrylate  10  mm  long. 

Dependence  of  flashover  potential  as  a  function  of 
pressure  at  alernating  test  potential  is  the  same  as  at  direct 
potential.  For  the  surge  wave  1.2/50  ys  the  flashover  voltage 
has  a  constant  value  in  the  range  of  pressure  from  133.322x10“^  Pa 
to  133.322x10  ^  Pa  (from  10**^  to  1  0“^  Tr),  and  then  falls  down 
at  the  pressure  133.322x10"^  Pa  (10"^  Tr),  but  does  not  show 
the  characteristic  rise.  For  the  investigated  switching  surges 


10*  »-*  to+S-IO+jQ-WOttO*  Tr 

133.322H)-*  03.322-10-*  133.32210* 

133.322-10 *»  133.32210 '*  FQ 

Figure  5.1.  Flashover  voltage  as  a  function  of  pressure  for  samples 
from  polymethylmethacrylate.  Direct  potential. 

1  -  sample  5  mm  long,  2  -  sample  10  mm  long, 

3  -  sample  15  mm  long,  4  -  sample  20  mm  long 


the  flashover  voltage  has  a  constant  value  in  the  pressure  range 
from  1 33.322x1 0"6  Pa  to  1 33.322x1 0"4  Pa  (from  10~6  to  10”4  Tr). 

The  characteristic  rise  of  strength  at  the  pressure  666.61 Oxl 0"4  Pa 
(5x10  4  Tr)  does  occur  for  switching  surges,  but  this  rise  is 
very  small. 

Experiments  were  performed  on  samples  from  polytetrafluoro- 
ethylene  and  polyethylene  and  the  same  dependence  of  flashover 
voltage  as  a  function  of  pressure  was  found  as  in  the  case  of 
samples  from  polymethylmethacrylate. 

Figure  5.3  shows  the  course  of  switching  surge  400/2000  us 


-  76  - 


133.  $2210-*  133.32210 + 


Figure  5.2.  Flashover  voltage  as  a  function  of  pressure  for  samples 
from  polymethylmethacrylate,  at  various  types  of 
potentials.  Length  of  sample  10  mm;  1  -  direct  (constant) 
potential;  2  -  alternating  potential  60  Hz.;  3  - 
normal  surge  1.2/50  i»;  4  -  switching  surge  50/250  |u ; 

5  -  switching  surge  400/2000 


during  flashover  at  various  pressures,  for  samples  of  polytetra- 
fiuoroethylene  5  mm  long.  The  voltage  of  switching  surge  is 
considerably  higher  than  the  flashover  voltage,  hence  the  first 
ignition  occurs  at  the  surge  wave  front,  and  there  are  several 
ignitions  in  the  period  of  one  switching  surge.  The  flashover 
voltage  at  the  pressure  133.322x10  Pa  (10  Tr),  Figure  5.3a, 
and  at  the  pressure  1 33.322x1 0“^  Pa  (10"<+  Tr),  Figure  5.3b,  is 
practically  the  same.  The  lowering  of  flashover  potential  occurs 
at  the  pressure  133.322x10”-^  Pa  (10"^  Tr),  Figure  5.3c. 

Figure  5.4  illustrates  good  reproducibility  of  results. 

It  shows  three  consecutive  switching  surges.  The  flashover  voltage 
remains  constant  at  a  given  pressure  during  first  flashovers, 
until  the  effect  of  sample  degradation  appears. 


Figure  5.3  (left).  Oscillograms  of  switching  surge  400/2000  vs 
at  the  time  of  flashover.  Polytetrafluoroethylene 
sample  5  mm  long.  Scale:  100  us/cm,  50  7/cm. 

a)  pressure  133.322x10”^  Pa  (1C'.'3  Tr), 

b)  pressure  133.322x1 0”7  Pa  (10  ,  Tr), 

c)  pressure  1 33 .322x1 0”-5  Pa  (lO”-'  Tr). 

Figure  5.4  (right).  Oscillograms  of  switching  surge  400/2000  us 
at  the  time  of  flashover.  Polytetrafluoroethylene 
sample  5  mm  long.  Scale: 200  ys/cm,  50  V/cm. 

Pressure  1 33 .322x1 0”^  Pa  (10“^  Tr). 
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The  conducted  experiments  confirm  that  the  6urge  potential 
of  flashover  for  the  system  solid  dielectric-vacuum  in  the  range 
of  pressure  from  133*322x10*^  Pa  to  1 33.322x1 0“4  Pa  (from  10“^  Tr 
to  10"4  Tr)  does  not  undergo  change. 

The  above  statement  allows  to  carry  out  investigations 
of  the  electric  strength  of  the  system  during  the  occurrence  of 
pre-flashover  discharges,  which  change  the  pressure  in  the  chamber 
only  to  a  small  degree.  The  pressure  at  which  such  experiments 
were  conducted  was  chosen  to  be  133*322x10”^  Pa  (10“^  Tr),  since 
efficiency  of  the  system  of  pumps  was  of  this  order  that  it  allowed 
to  maintain  constant  pressure  of  133.322x10”^  Pa  (10”^  Tr) 
during  the  not  too  strong  pre-flashover  discharges. 


5.2.  EFFECT  OF  METALLIZATION  OF  SURFACE  OF  THE  DIELECTRIC 
ELECTRODE  JUNCTION  ON  THE  VALUE  OF  FLASHOVER  VOLTAGE 


Many  investigators  consider  that,  from  the  viewpoint  of 
the  development  of  flashover,  of  particular  importance  are 
conditions  at  the  cathode  and  on  surface  of  solid  dielectric- 
cathode  junctions  [j4,  36,  37,  71  ,  72,  76,  96  J  .  It  was  found 
that  when  the  surface  of  cathode  is  rough  the  flashover  potential 
along  the  sample  is  considerably  reduced,  whereas  the  effect  of 
the  roughness  of  anode  is  small  [14J  .  This  phenomenon  is 

connected  with  nonuniform  distribution  of  the  potential  of  electric 
field. 

Nonuniformity  of  the  distribution  of  electric  fields  is 
caused  by: 

1)  appearance  of  crevices  on  the  surface  of  solid  dielectrics*  which 
causes  an  increase  of  the  potential  of  fields  in  the  crevice 
(crack):  in  places  of  insufficient  contact  between  the  sample 
and  electrode  (in  crevices)  there  is  a  manyfold  increase  of 
the  field  potential,  depending  on  dielectric  permeability 


of  the  solid  dielectric, 
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2)  presence  of  impurities  on  surface  of  solid  dielectrics  with  different 
surface  resistance,  which  causes  various  local  drops  of  potential 
during  the  flow  of  applied  current, 

3;  presence  of  impurities  in  solid  dielectrics  with  different 

dielectric  permeability,  which  changes  the  field  distribution, 
causing  local  discharges, 

4)  nonuniform  distribution  of  charges  on  surface  of  solid  dielectrics 
under  the  effect  of  high-voltage  polarization  of  dielectric 
and  secondary  emission  of  electrons. 

The  strongest  effect  on  nonuniformity  of  distribution  of 
electric  field  is  exerted  by  the  presence  of  crevices  (cracks) 
at  the  solid  dielectric-electrode  junction.  In  order  to  eliminate 
these  crevices,  surfaces  of  samples  in  contact  with  electrodes 
in  investigations  conducted  by  the  author  were  metallized 
(Figure  5.5). 

The  effect  of  metallization  of  the  surface  of  contact 
of  the  sample  with  electrodes  on  the  flashover  voltage  will  be 
illustrated  on  example  of  measurements  of  flashover  voltage  on 
samples  from  polymethylmethacrylate.  Metallization  of  the  surface 
of  samples  was  done  by  evaporation  of  silver  in  vacuum.  Before 
measurements,  the  samples  were  conditioned  with  alternating 
potential.  Investigations  were  performed  using  three  types  of 
test  potential:  direct,  alternating  and  surge  potential. 

Figure  5.6  shows  the  surface  strength  as  a  function  of  j jS_i 

the  number  of  flashovers  for  5  metallized  samples  and  5  nor-metallized 
samples  from  polymethylmethacrylate  of  length  20  mm.  The  strength 
of  both  metallized  and  nonmetallized  samples  increases  as  the 
number  of  flashovers  increases.  Values  of  flashover  voltage  for 
nonmetallized  samples  have  a  considerably  higher  scatter,  which 
makes  it  difficult  to  obtain  reproducible  results  of  studies.  The 
flashover  potential  of  metallized  samples  is  lower  than  that  of 
nonmetallized  samples.  After  10  flashovers,  the  flashover  voltage 
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Figure  5.5*  Junction  of  electrode  with  solid  dielectric: 

a)  nonmetallized  sample,  b)  metallized  sample. 

1  -  solid  dielectric,  2  -  electrodes, 

3  -  metallized  surface. 

becomes  stabilized. 

In  turn,  Figure  5«?  presents  average  values  of  the  flashover 
voltage  for  5  samples  metallized  and  nonmetallized,  of  the  length 
10,  13,  20  and  30  mm.  All  these  experiments  indicate  that  the 
surface  strength  of  metallized  samples  is  lower  than  the  strength 
of  nonmetallized  samples. 

Figure  5.8  shows  the  voltage  of  flashover  along  the  surface 
of  solid  dielectrics  as  a  function  of  the  length  of  sample.  The 
points  on  the  graph  represent  average  values  of  10  last  flashovers 
counting  from  eleventh  to  twentieth,  for  5  nonmetallized  and 
5  metallized  samples  of  given  length.  The  graph  shows  that  for 
all  the  investigated  lengths  of  samples  the  flashover  potential 
of  nonmetallized  samples  is  higher  than  that  of  metallized 
samples. 

For  better  presentation  of  the  effect  of  metallized  surface 
of  solid  dielectric-electrode  junction  on  surface  strength, 
the  author  introduces  the  coefficient  p  ,  callad  the  coeffi¬ 
cient  of  lowering  surface  strength  of  solid  dielectric  because  of 
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Fix  5.6.  Surface  strength  of  5  metallized  samples  and  5  n°r 
metallized  samples  from  polymethylmethacrylate  as  a  function 
of  the  number  of  flashovers.  Length  of  .  imp^e  20  mm. 

K^!rnfl)nNonmetallized  sample,  2)  metallised  sample;  (3) 
Number  of  flashovers. 


Figure  5.7.  Average  surface  strength  of  5  samples  from  polymethyl¬ 
methacrylate  as  a  function  of  the  number  of  flashovers 
(abscissa).  Alternating  potential. 

1 »  3>  5»  7  -  metallized  samples;  2,  4,  6,  8  -  nonmetallized 
samples;  1,2-  samples  10  mm  long;  3>  4  -  1 5  mm  long; 

5,  6  -  20  mm  long;  7>  8  -  samples  30  mm  long 

metallization  of  the  surface  of  solid  dielectric. 

The  coefficient  <)  is  given  the  form: 


% 
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where:  x.,,,  _  .  -  average  value  of  flashover  voltage  for 

s±  me  t  • 

5  metallized  samples  of  solid  dielectric 
of  a  given  length, 

xsr  niemet.  -  average  value  of  flashover  voltage  for 
5  identical  nonmetallized  samples. 

It  is  seen  that  the  flashover  voltage  for  metallized 
samples  at  alternating  potential  (Figure  5.9)  is  lower  than  the 
flashover  voltage  for  nonmetallized  samples,  by  about  305?  for 
samples  10  mm  long  and  by  about  205a  for  samples  of  length  30  mm. 

With  increase  of  the  length  of  solid  dielectrics  the  effect  of 
metallization  of  the  surface  of  solid  dielectric  becomes  smaller 
and  smaller. 

In  general,  discharges  begin  at  the  solid  dielectric- 
cathode  junction,  it  means  there  where  the  electric  field 
intensity  is  the  greatest.  The  source  of  emission  of  electrons, 
which  initiate  the  discharges,  are  microedges  (micropeaks).  These 
microedges  have  the  highest  effect  at  the  border  of  solid  dielectrics 
v/here  they  seriously  reduce  the  surface  strength.  A  thin  layer 
of  silver  on  the  surface  of  solid  dielectrics  provides  microedges 
from  which  the  field  emission  of  electrons  ensues. 

Thus,  metallization  of  the  surface  of  solid  dielectrics 
eliminates  crevices  between  the  solid  dielectric  and  electrode, 
but  it  also  introduces  microedges  at  the  site  of  solid  dielectric- 
electrode  junction.  The  presence  of  microedges  has  a  considerable 
effect  on  lowering  of  surface  strength.  As  the  length  of  solid 
dielectric  increases,  the  value  of  flashover  voltage  of  metallized 
samples  approaches  the  value  of  voltage  of  nonmetallized  samples. 

Studies  of  the  effect  of  metallization  of  the  surface  of 
solid  dielectric  on  surface  strength  at  direct (constant)  potential 
and  surge  potential  reveal  a  similar  tendency  of  changes  of  the 
coefficient  (Figure  5.10  and  Figure  5.11)  as  at  alternating  potential 


figure  5.8  (left).  Flashover  voltage  as  a  function  of  the  length 
of  sample  from  polymethylmethacrylate.  Alternating 
potential;  1  -  nonmetallized  samples;  2  -  metallized 
samples • 

Figure  5.9  (right).  Coefficient  of  lowering  of  surface  strength 
because  of  metallization  of  the  surface  of  sample- 
electrode  junction  as  a  function  of  the  length* of 
sample.  Sample  from  polymethylmethacrylate. 

Alternating  potential. 

As  a  result  of  metallization  of  the  surface  of  solid 
dielectrics,  the  surface  strength  at  direct  potential  decreased 
by  about  40%  for  samples  10  mm  long  and  by  about  30%  for  samples 
with  length  of  30  riun •  The  lowering  of  strength  at  direct  potential 
is  greater  than  at  alternating  potential.  Because  of  a  strong 
electric  field,  silver  ions  migrate  in  one  direction  on  the 
surface  of  solid  dielectrics,  it  may  be  assumed  that  during  studies 
at  direct  potential  some  permanent  changes  have  occurred  at  the 
surface  of  solid  dielectric,  and  that  silver  ions  have  changed 
the  charge  distribution  on  the  surface  of  solid  dielectrics. 


Figure  5.10  (left).  Coefficient  of  lowering  of  surface  strength 

because  of  metallization  of  the  surface  of  the  sample- 
electrode  junction  as  a  function  of  sample  length. 
Sample  from  polymethylmethacrylate.  Direct  potential. 

Figure  5» 11  (right).  Coefficient  of  lowering  of  surface  strength 

because  of  metallization  of  the  surface  of  the  sample- 
electrode  junction  as  a  function  of  sample  length. 
Sample  from  polymethylmethacrylate.  Surge  potential. 

The  lowering  of  surface  strength  because  of  metallization 
of  surface  of  solid  dielectrics  at  surge  potential  for  a  given 
length  of  samples  from  10  mm  to  30  mm  amounts  to  8%.  This  is 
caused  by  the  fact  that  for  this  type  of  potential  the  charge 
on  surfaces  of  solid  dielectric  created  by  the  secondary  emission 
of  electrons  will  have  no  effect.  Hence,  at  the  surge  potential 
the  effect  of  space  charge,  arising  as  a  result  of  field  emission 
from  microedges  (silver  layer) ,  on  the  flashover  potential  is 
small  since  the  space  charge  has  no  time  to  form. 

All  further  experiments  in  this  work  will  be  carried  out 
on  samples  with  metallized  surface  of  dielectric  junction,  because 
of  a  smaller  scatter  of  measurement  results  than  with  nonmetallized 
samples. 
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5.3.  EFFECT  OF  CONDITIONING  ON  VALUE  OF  FLASHOVER  VOLTAGE 

The  majority  of  investigators  of  this  problem  concluded 
that  measurement  results  of  the  value  of  flashover  voltage  depend 
strongly  on  the  method  of  conditioning  of  sample.  So  far,  however, 
no  standardized  way  of  conditioning  has  been  defined. 

In  some  works  £25,  59»  6l  ,  102,  107  J  it  was  shown  that 
the  conditioning  of  electrodes  is  the  most  important  factor 
deciding  about  flashover  voltage  in  the  system  of  electrodes  in 
vacuum.  Much  less  information  is  available  concerning  the  effect 
of  electrodes  and  their  conditioning  on  flashover  potential 
when  a  solid  dielectric  is  placed  between  the  electrodes  in  vacuum. 
Some  conducted  experiments  indicated  that  conditioning  of  the 
surface  of  solid  dielectric  has  decisive  effect  on  the  value  of 
flashover  voltage,  whereas  the  effect  of  conditioning  of  the 
surface  of  electrodes  is  relatively  small,  as  long  as  the  surface 
of  electrodes  remains  smooth  and  clean.  Conditioning  of  the  surface 
of  samples  has  also  a  strong  effect  on  intensity  of  pre-flashover 
discharges,  which  increases  as  the  length  of  solid  dielectric 
increases. 

On  the  basis  of  the  literature  review  and  our  investi¬ 
gations  it  was  concluded  that  the  following  parameters  of 
conditioning  exert  large  effects  on  the  surface  strength  of  solid 
dielectrics  in  vacuum: 

1 )  value  of  pressure  and  time  of  pressure  conditioning, 

2)  type  of  conditioning  potential, 

3)  value  of  potential  and  time  of  potential  conditioning, 

4)  number  of  initial  flashovers  and  time  between  them. 

As  stated  in  Section  4.2,  investigations  of  surface 
strength  of  solid  dielectrics  in  vacuum  were  conducted  at  the 
pressure  133.322x10“^  Pa  (10”^  Tr),  on  the  basis  of  studies  of  [  Qb 
surface  strength  as  a  function  of  pressure,  described  in  Section  5.1. 
For  the  conditioning  pressure  we  adopted  133.322x10  Pa  (10  Tr), 


which  could  be  obtained  with  ease  by  our  system  of  pumps*  Measure¬ 
ments  of  surface  strength  after  conditioning  of  samples  at  higher 
pressure  were  characterized  by  the  occurrence  of  more  intense 
pre-flashover  discharges  than  after  conditioning  at  the  pressure 
1 33.322x1  o"6  Pa. 

Preliminary  experiments  showed  that  not  only  the  pressure 
of  conditioning  but  also  the  time  of  conditioning  at  a  given 
pressure  have  effect  on  the  value  of  initial  voltage  for  pre-fla- 
shover  discharges,  the  intensity  of  these  discharges,  and  the 
surface  strength.  On  the  basis  of  a  number  of  experiments  it  was 
established  that  for  the  investigated  materials  the  value  of 
initial  voltage  for  pre-flashover  discharges  and  of  surface 
strength  becomes  stabilized  at  the  pressure  133.322x10  Pa  (10  Tr) 
when  the  time  of  conditioning  is  longer  than  18  hours.  In  order 
to  obtain  uniformly  stabilized  effect  of  pressure  conditioning 
we  adopted  for  further  studies  the  time  of  conditioning  24  hours 
at  the  pressure  133.322x10”^  Pa  (10“^  Tr). 

After  the  first  flashovers  new  samples  showed  a  lower 
value  of  the  voltage  of  flashover  along  the  surface  of  solid 
dielectric,  and  values  of  voltage  of  consecutive  flashovers  showed 
large  differences.  Only  after  a  few  flashovers  the  value  of 
flashover  potential  exhibited  tendency  to  become  stabilized. 

The  effect  of  conditioning  by  means  of  flashovers,  shown 
in  Figure  5.12,  gives  consecutive  values  of  flashover  potential 
at  direct  potential  (d.c.)  obtained  for  a  sample  from  polymethyl¬ 
methacrylate  5  nun  long.  These  experiments  were  performed  after 
keeping  the  sample  in  vacuum  at  133.322x10”°  Pa  (10”^  Tr)  for  the 
period  of  24  hours,  i.e.,  after  the  accepted  pressure  conditioning. 

The  value  of  flashover  voltage  increases  as  the  number  of  ;  ' (C 
flashovers  increases,  which  indicates  the  fact  that  the  conditio-  ' 
ning  also  takes  place  throughout  the  flashovers.  After  ten  flash¬ 
overs  the  surface  strength  became  constant,  hence  vre  decided  that 
for  calculation  of  the  average  value  for  a  given  sample  we  shall 
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Figure  5.12.  Flashover  voltage  as  a  function  of  consecutive 
flashovers  (abscissa).  Direct  potential  (d.c.), 
sample  from  polymethylmethacrylate  5  mm  long, 

pressure  1 33.322x1 0**5  Pa  (ICT5  Tr). 

consider  values  of  potential  from  11  to  20  flashover.  Earlier 
flashovers  occur  at  lower  voltages  which  is  caused  probably  by 
small  impurities  or  uneven  spots  on  the  surface  of  the  solid 
dielectric  or  electrode. 

Further  measurements  have  shown  that  the  value  of  flashover 
voltage  depends  also  on  the  time  of  interval  between  consecutive 
application  of  potential.  If  the  time  of  interval  was  about  one 
minute,  the  next  values,  of  flashover  voltage  were  lower,  and 
in  some  cases  even  be'  50%  of  the  value  of  previous  flashover 
voltage.  In  order  to  lin  reproducible  results  of  measurements 
at  direct  (d.c.)  pote,  al  and  alternating  (a.c.)  potential, 
it  was  necessary  to  prolong  the  interval  between  consecutive 
application  of  potential  to  10  minutes.  Such  a  long  period 
without  potential  suggests  a  possibility  of  the  action  of  space 
charge,  accumulating  on  the  surface  of  investigated  samples, 
on  the  lowering  of  value  of  flashover  voltage. 
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Figure  5.1 3.  Consecutive  values  of  flashover  voltage  at  direct 

•  jtertial  along  polyethylene  sample  5  mm  long. 

a)  unconditioned  sample,  after  placing  the  sample 
for  a  period  of  24  hours  at  133.322x1 0“5  Pa, 

b)  interval  in  measurements  for  24  hours, 
sample  placed  in  vacuum  1 33.322x1 0-°  Pa, 

c)  interval  in  measurements  for  24  hours, 
sample  conditioned  with  alternating  potential 
of  20  kV  for  the  period  of  30  minutes 


With  lightning  surge  potential  and  simulated  switching 
overvoltages,  measurements  have  shown  also  a  considerable  scatter 
of  the  value  of  flashover  voltage  for  unconditioned  samples. 

The  occurrence  of  pre-flashover  discharges  was  also  observed 
at  surge  potentials.  Their  presence  could  be  evidenced  by 
a  temporary  rise  in  pressure  in  the  chamber,  and  by  a  glow 
during  pre-flashover  discharges.  Similarly  as  before,  in  order 
to  obtain  reproducible  results  of  measurements,  before  the 
application  of  surge  and  switching  surge  potential,  samples 
were  conditioned  with  direct  or  alternating  potential  in  the  same 
way  as  before  the  test  with  d.c.  or  a.c.  potentials. 

In  order  to  determine  whether  the  sample  retains  its 
acquired  surface  strength  as  a  result  of  conditioning  throughout 


the  flashovers,  we  carried  out  experiments  which  are  illustrated 
in  Figure  5.13.  After  the  first  ten  flashovers  the  measurements 
were  interrupted  and  the  sample  was  left  in  vacuum  for  the  next 
24  hours.  Then  measurements  were  continued,  and  it  was  found  that 
the  flashover  voltage  for  the  first  flashovers  was  lower  after 
this  interval  (Figure  5.13b),  evidencing  a  partial  loss  of  proper¬ 
ties  imparted  by  conditioning.  For  this  reason,  after  conditioning 
one  should  not  make  any  interruptions  (intervals)  in  a  series  of 
experiments. 

The  effect  of  the  type  of  potential  on  conditioning  is 
shown  in  Figure  5.13c.  After  consecutive  10  flashovers  at  direct 
potential,  that  is  together  after  20  flashovers,  the  experiment 
was  interrupted  again  for  the  period  of  24  hours,  the  sample 
remaining  in  vacuum  without  application  of  potential.  In  turn, 
alternating  potential  of  the  value  of  20  kV  was  supplied  to  the 
sample  for  the  period  of  30  minutes.  The  next  ten  flashovers  at 
direct  potential  are  shown  in  Figure  5.13c.  The  value  of  flashover 
voltage  has  not  changed  in  comparison  with  previous  value, 
and  remained  constant  considering  rather  small  scatter. 

Studies  of  surface  strength  at  alternating  potential 
indicated  that  one  can  get  different  values  of  flashover  voltage 
when  conditioning  is  done  with  alternating  instead  of  direct 
potential.  To  confirm  the  effect  of  the  type  of  potential  on 
conditioning  parameters  we  compared  the  conditioning  of  samples 
by  means  of  direct  and  alternating  potentials. 

The  effect  of  the  type  of  conditioning  potential  on 
flashover  voltage  is  illustrated  in  Figure  5.14.  The  graph 
shows  flashover  voltage  at  surge  potential  1 .2/5 0  pa  for  ten 
consecutive  flashovers  after  the  application  of  conditioning 
with  direct  potential  (d.c.)  or  alternating  potential  (a.c.). 

The  conditioning  by  means  of  direct  or  alternating  potential 
consisted  cf  raising  potential  by  2  kV  every  minute  to  the  value 
of  about  70 %  of  the  expected  flashover  voltage.  The  potential 
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Figure  5.14.  Effect  of  the  type  of  conditioning  potential  and 

of  10  flashovers  at  the  given  conditioning  potential 
on  the  test  surge  1 .2/50  flashover  voltage. 
Polyethylene  sample  5  mm  long;  1  -  sample  conditioned 
with  direct  potential,  2  -  sample  conditioned  with 
alternating  potential . 

Ordinate:  U  ,  kV;  abscissa:  n,  number  of  flashovers 

p 

was  maintained  for  15  minutes,  and  then  was  raised  to  10  flashovers 
still  at  the  direct  or  alternating  potential,  respectively. 

In  turn,  surge  potential  1.2/50  us  was  applied  to  the  sample 
and  its  value  was  raised  up  to  the  flashover.  Surges  were  applied 
to  samples  every  1  minute.  No  repeat  conditioning  with  d.c.  or 
a.c.  potential  was  done  after  each  flashover. 

As  is  seen  from  Figure  5.14  the  application  of  alternating 
potential  for  conditioning  is  more  effective  than  of  direct 
potential,  and  a  steady  value  of  flashover  voltage  was  attained 
after  5-6  flashovers.  It  was  observed  that  flashover  voltage, 
determined  on  the  basis  of  values  from  11-th  to  20-th  flashover, 
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has  a  higher  value  when  the  conditioning  of  sample  was  done  with 
alternating  potential. 

The  effect  of  conditioning  with  direct  potential  and 
alternating  potential  on  the  value  of  flashover  voltage  was  also 
checked  on  samples  from  polytetrafluoroethylene  (Teflon),  and 
results  of  studies  of  flashover  voltage  as  a  function  of  the 
length  of  sample  are  presented  in  Figure  5.15  and  Appendix  1. 

The  graph  shows  the  effect  of  conditioning  with  direct  potential 
and'  alternating  potential  not  only  on  the  surge  voltage  of 
flashover  but  also  on  the  flashover  voltage  at  direct  potential 
and  alternating  potential.  Each  point  in  Figure  5.15  represents 
an  average  value  for  5  samples.  The  method  of  conditioning  was 
the  same  as  that  given  for  Figure  5.14. 

As  is  seen  from  Figure  5.1 5»  conditioning  by  means  of 
alternating  potential  has  a  distinct  effect  on  the  value  of 
flashover  voltage,  particularly  in  the  case  of  surge  potential, 
for  which  the  flashover  voltage  obtained  after  conditioning  with 
alternating  potential  is  nearly  twice  as  high  as  the  flashover 
voltage  of  the  same  samples  conditioned  with  direct  potential. 

The  effect  of  conditioning  with  alternating  potential  is  even 
clearer  for  samples  from  polytetrafluoroethylene  (Teflon)  than 
for  samples  of  polyethylene. 

Comparison  of  potential  conditioning  at  various  types 
of  potential  leads  to  the  conclusion  that  alternating  potential 
causes  the  most  effective  conditioning  and  leads  to  the  most 
constant  value  of  flashover  voltage. 

The  effects  of  conditioning  with  various  types  of 
potential,  various  values  of  voltages,  and  various  time  of 
conditioning,  can  be  explained  by  changes  of  the  state  of  surface 
of  solid  dielectric  caused  by  pre-flashover  discharging.  On  the 
one  hand,  pre-flashover  discharges  cause  desorption  of  gas; 
on  the  other  hand,  they  are  the  cause  of  deposition  of  electrode 
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Figure  5. 15.  Flashover  voltage  at  d.c.  potential,  a.c,  potential 
and  surge  potential  as  a  function  of  the  length 


of  sample  for  polytetrafluoroethylene  (Teflon) 
after  conditioning  with  d.c.  and  a.c.  potential. 

1  ______  Surge  1.2/50\iS  (a.c.  conditioning) 

2.  _  d.c.  potential  (a.c.  conditioning) 

3  _  a.c.  potential  (a.c.  conditioning) 

4  — -  d.c.  potential  (d.c.  conditioning) 

surge  1 .2/50  ys  (d.c.  conditioning) 


a.c.  potential  (d.c.  conditioning) 
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material,  and  they  result  in  formation  of  a  thin  carbon  layer. 
Studies  {j6j  have  shown  that  the  coefficient  of  secondary 
emission  decreases  as  a  function  of  the  number  of  flashovers 
(Figure  2.10).  Value  of  the  coefficient  of  secondary  emission 
will,  therefore,  change  with  conditions  of  potential  conditioning. 
Flashover  voltage  depends  on  the  coefficient  of  secondary  emission 
hence  flashover  voltage  is  a  function  of  parameters  of  potential 
conditioning.  When  parameters  of  potential  conditioning  change, 
the  obtained  values  of  flashover  voltage  will  be  different, 
but  general  relations  will  not  change. 

With  d.c.  and  a.c.  potential,  the  occurrence  of  pre-flash- 
over  discharges  was  observed  on  all  new  unconditioned  samples 
at  a  voltage  exceeding  about  50%  of  flashover  voltage;  these 
discharges  were  seen  both  at  the  site  of  junction  of  electrodes 
with  solid  dielectric  and  on  the  surface  of  solid  dielectrics. 

In  the  case  of  d.c.  potential,  the  intensity  of 
pre-flashover  discharging  was  the  highest  in  the  proximity  of  the 
anode.  These  discharges  were  characterized  visually  by  the  form 
of  glow,  and  were  disappearing  with  time.  The  frequency  of  their 
occurrence  decreased  with  the  time  of  the  application  of 
potential  and  usually  after  a  few  minutes  these  discharges 
completely  disappeared. 

One  could  observe  also  a  series  of  dischargee  which  began 
on  the  surface  of  solid  di electric  and  ended  at  some  other  point 
of  the  surface  of  dielectric  without  closing  the  gap  between 
the  electrodes.  Such  discharges  were  probably  connected  with  the 
surface  charge  on  solid  dielectrics.  Both  the  intensity  and 
frequency  of  occurrence  of  discharges  starting  on  the  surface 
of  solid  dielectric  increased  with  the  length  and  roughness  of 
outer  surface  of  solid  dielectric.  Generally  it  is  assumed  that 
the  action  of  high  voltage  leads  to  gradual  removal  of  roughness 
of  outer  surface  of  solid  dielectrics. 


-  95  - 


Samples  subjected  to  action  of  a.c.  potential  had  a  stronger 
intensity  of  pre-flashover  discharges  than  identical  samples 
at  d.c.  potential.  For  samples  of  length  10  mm  and  longer, 
pre-flashover  ischarges  keep  occurring  until  the  time  when 
the  potential  reaches  the  value  of  flashover  voltage. 

5.4.  EFFECT  OF  THE  LENGTH  OF  SAMPLE  ON  VALUE  OF 
FLASHOVER  POTENTIAL 

One  of  the  significant  factors  deciding  the  surface  strength 
of  solid  dielectrics  j.n  vacuum  is  the  length  of  sample.  Studies 
indicate  that  the  effect  of  the  length  of  sample  of  solid  dielectric 
on  flashover  voltage  is  dependent  on  the  type  of  potential  . 

Values  of  flashover  voltage  as  a  function  of  the  length 
of  sample  from  polymethylmethacrylate  are  presented  in  Appendix  2 
and  in  Figure  5.16,  which  shows  surface  strength  of  the  investi¬ 
gated  system  at  direct  potential,  alternating  potential  60  H», 
surge  potential  and  switching  surges  with  different 

periods  of  time  of  the  surge  wave  front.  Values  of  flashover 
voltage  are  average  values  of  results  obtained  for  5  samples, 
following  the  procedure  given  in  Section  4.2.  For  each  type  of 
potential  the  flashover  voltage  increased  with  the  length  of  the 
investigated  sample.  However,  this  increase  of  flashover  voltage 
as  a  function  of  sample  length  is  different  for  particular  types 
of  potential. 

As  follows  from  Figure  5.16,  the  percentage  increase  of 
flashover  voltage  with  increase  of  the  length  of  sample  is  the 
smallest  for  alternating  potential.  For  switching  surges  the 
increase  of  flashover  voltage  becomes  larger  with  shorter  periods 
of  time  of  the  surge  wave  front.  The  largest  increase  of  flashover 
voltage  as  a  function  of  the  length  of  sample  was  found  to  be 
for  surge  potential  1.2/50  p*. 


Figure  5.16.  Flashover  voltage  as  a  function  of  the  length  of 
solid  dielectric  for  various  types  of  potential. 
Sample  from  polymethylmethacrylate,  conditioned 
with  direct  potential. 

1  -  direct  potential 

2  -  normal  surge  1 .2/50  ys 

3  -  alternating  potential  60  Hz 

4  -  switching  surge  35/80  ys 

5  -  switching  surge  50/250  ys 

6  -  switching  surge  80/700  y  s 

7  -  switching  surge  150/1800  ys 

8  -  switching  surge  400/2000  ys 

9  -  switching  surge  6OO/3OOC  ys 


All  the  investigated  samples  which  had  been  conditioned  with 
direct  potential  showed  the  highest  flashover  voltage  at  direct 
potential.  The  conditioning  with  direct  potential  causes  the 
appearance  of  a  path  of  least  resistance  on  the  surface  of  solid 
dielectrics,  and  for  this  reason  the  surge  voltage  of  flashover 
is  lower  than  the  flashover  voltage  at  direct  potential. 

Appendix  2  gives  the  obtained  relations  describing  the 
flashover  potential  as  a  function  of  the  length  of  sample  for 
various  types  of  potentials,  and  lists  values  of  the  flashover 
voltage  calculated  using  the  derived  equation. 

The  obtained  equations,  given  in  Appendix  2  and  further 
in  Appendices  3  to  9,  are  approximated  by  equation  of  the  type: 

Y  =  a  xb  (5J  ) 

that  is 

«,  -a,.*4 

where:  0p  -  flashover  potential 

d  -  length  of  sample 
*1*6  -  constants. 

This  type  of  equation  represents  best  the  obtained 
results  of  investigation. 

The  calculated  values  of  flashover  voltage,  using  the 
derived  equation,  lie  within  a  90-percent  confidence  level.  Analysis 
of  equations  given  in  Appendices  2  to  9  shows  that  surface 
strength  at  direct  and  surge  potentials  is  a  function  of  the 
product  of  approximately  square  root  of  the  length  of  sample 
of  solid  dielectric  and  a  constant  coefficient  describing  the 
type  of  dielectric,  method  of  conditioning  ,  and  the  shape  of 
applied  potential. 

Figure  5.17  and  Appendix  3  show  the  obtained  characteri¬ 
stics  of  flashover  potential  as  a  function  of  the  length  of 
sample  at  direct,  alternating  and  surge  1 .2/5C  us  potentials 
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Figure  5.17.  Flashover  voltage  as  a  function  of  the  length  of  sample; 
_____  polymethylmethacrylate  (1  ,  2,  3) 

_  polytetrafluoroethylene  (4>  5»  6) 

polyethylene  (7,  8,  9) 

Conditioning  with  direct  potential.  Flashover  potential; 
direct  potential  (1,  4»  7);  surge  potential  1.2/50  us 
(2 *  5*  o);  alternating  potential  (3»  6,  9) 

for  samples  of  polymethylmethacrylate,  polytetrafluoroethylene 
and  polyethylene.  These  samples  were  conditioned  by  means  of 
direct  potential. 

The  percentage  increase  of  flashover  voltage  a6  a  function 
of  the  length  of  sample  for  investigated  materials  is  nearly  the 
same.  Polymethylmethacrylate  is  characterized  by  the  highest 
surface  strength  in  vacuum.  The  strength  of  polytetrafluoroethy¬ 
lene  at  direct  and  surge  potentials  is  only  slightly  lower  than 
the  strength  of  polymethylmethacrylate.  The  flashover  voltage  of 
investigated  samples  at  alternating  potential  is  much  lower  than 


the  flashover  voltage  at  direct  and  surge  potentials.  For  poly¬ 
tetrafluoroethylene  and  polyethylene  the  flashover  voltage  is 
nearly  the  same  and  increases  only  slightly  as  a  function  of  the 
length  of  sample. 

For  comparison  of  the  strength  of  given  solid  dielectrics^ 
we  carried  out  also  measurements  of  flashover  voltage  for  samples 
conditioned  with  alternating  potential  (Figure  5.18  and  Appendix  4) 
The  obtained  values  of  flashover  potential  for  investigated 
dielectrics  are  higher  than  the  corresponding  flashover  voltages 
for  samples  conditioned  with  direct  potential. 

Flashover  voltages  for  samples  of  polytetrafluoroethylene 
and  polyethylene  conditioned  with  alternating  potential  showed 
little  difference,  similarly  to  the  case  of  samples  conditioned 
with  direct  potential,  although  the  flashover  voltage  for  samples 
of  polytetrafluoroethylene  is  always  higher  than  that  of  poly¬ 
ethylene.  For  investigated  samples  the  flashover  voltage  at  direct 
potential  is  much  lower  than  the  corresponding  value  of  surge 
potential.  The  ratio  of  surge  potential  of  flashover  to  direct 
potential  of  flashover  is  about  1 .25  for  all  investigated  samples. 

We  measured  also  the  flashover  potential  for  polytetra¬ 
fluoroethylene  and  polyethylene  at  switching  surges  and  after 
conditioning  with  direct  potential.  Experimental  results  and 
values  of  flashover  voltage  calculated  according  to  the  proposed 
equation  are  given  in  Appendices  5  and  6.  Similarly  to  the  case 
of  polymethylmethacrylate,  the  surface  strength  of  both  dielectrics 
at  switching  surges  also  increased  as  a  function  of  the  length 
of  sample. 

Surface  strength  at  various  types  of  potentials  (direct, 
surge  1.2/50  jis,  alternating,  switching  surges)  after  conditio¬ 
ning  with  alternate- g  potential  is  shown  for  polymethylmethacrylate 
in  Appendix  7»  for  polytetrafluoroethylene  in  Appendix  8,  and  for 
polyethylene  in  Appendix  9»  The  same  relations  for  investigated 
solid  dielectrics  as  a  function  of  the  length  of  sample  and  the 
type  of  potential  as  after  conditioning  with  direct  potential 
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Figure  5.18. 
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Flashover  voltage  as  a  function  of  the  length  of  sample: 
_ _____  polymethylmethacrylate  (1 ,  2,  3) 

_  _  polytetrafluoroethylene  (4*  5>  6) 

polyethylene  (7,  8,  9) 

Conditioning  with  alternating  potential.  Flashover 
potential:  direct  potential  (I,  4>  7)*  surge  potential 
1.2/50  ys  (2,  5»  8);  alternating  potential  (3»  6,  9) 


101 


were  observed.  For  all  types  of  potentials  the  surface  strength 
after  conditioning  with  alternating  potential  is  higher  than  after 
conditioning  with  direct  potential. 

5.5.  EFFECT  OF  THE  TIME  OF  DURATION  OF  SWITCHING  SURGE 
WAVE  FRONT  ON  VALUE  OF  FLASHOVER  POTENTIAL 

In  order  to  make  evaluation  of  the  effect  of  shape  of 
switching  surge  on  the  value  of  flashover  potential,  we  performed 
experiments  with  polymethylmethacrylate  at  switching  surges  with 
various  times  of  duration  of  the  wave  front  and  of  the  peak  of 
surge.  Results  of  mesurements  are  presented  in  Figure  5.19  and 
in  Appendix  2. 

For  the  sake  of  comparison  we  have  given  also  values  of 
flashover  potential  for  direct,  alternating  and  surge  potentials. 
As  the  graph  shows,  surface  strength  at  surge  potential  is  higher 
than  the  strength  at  switching  surges. 

For  analysis  of  the  effect  of  the  time  of  duration  of 
switching  surge  wave  front,  the  data  from  Figure  5*19  are  plotted 
in  Figure  5.20  as  a  function  of  the  time  of  duration  of  wave 
front.  At  switching  surges  the  flasvover  voltage  decreases  as 
the  time  of  duration  of  the  wave  front  increases.  The  minimum 
stiength  for  a  sample  with  length  of  5mrc  and  10  mm  occurs  for 
potential  with  time  of  duration  of  switching  wave  front  80  us. 

For  waves  with  longer  time  of  duration  the  flashover  voltage 
increased  somewhat.  As  the  length  of  investigated  sample  is  made 
longer,  the  minimum  value  of  flashover  potential  is  shifted  in 
the  direction  of  longer  times  of  duration  of  the  wave  front, 
and  for  samples  1 5  mm  and  20  mm  long  the  minimum  flashover 
voltage  occurs  for  switching  surge  1 50/1 800  ys.  The  percent 
lowering  of  the  value  of  flashover  voltage  with  the  time  of 
duration  of  wave  front  is  the  largest  for  the  longest  samples.. 


Figure  9.  Effect  of  the  shape  of  potential  on  value  of  flashover 
voltage.  Sample  from  polymethylmethacrylate,  conditio¬ 
ned  with  direct  potential: 

1  -  direct  potential 

2  -  normal  surge  1.2/50  ms 

3  -  alternating  potential  60  Hz 

4  -  switching  surge  35/80  u  s 

5  -  switching  surge  50/250  y  s 

6  -  switching  surge  80/700  us 

7  -  switching  surge  1 50/l 800  ms 

8  -  switching  surge  400/2000  us 

9  -  switching  surge  600/3000  ms 


Flashover  potential  a6  a  function  of  the  time  of  duration 
of  surge  wave  front,  with  lines  marking  its  maximum  and  minimum 
values,  is  shown  in  Figure  5*21 • 

The  effect  of  the  time  of  duration  of  switching  surge  \"J Q 

wave  front  on  surface  strength  was  also  examined  for  samples  of 
polytetrafluoroethylene  (Figure  5.22)  and  polyethylene  (Figure 
5.23).  Character  of  changes  is  the  same  as  for  samples  of  poly¬ 
methylmethacrylate,  The  appearance  was  noted  of  the  characteristic 
minimum  of  strength  at  the  time. of  duration  of  switching  surge 
wave  front  80  u s  for  samples  5  a®  long,  and  at  1 50  us  for  samples 
of  the  length  20  mm.  For  all  the  samples  one  observes  a  shift 
of  the  minimum  of  strength  as  a  function  of  the  time  of  duration 
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Figure  5.20.  Flashover  voltage  ae  a  function  of  the  time  of  duration 
of  switching  surge  wave  front.  Sample  from  polymethyl¬ 
methacrylate.  Conditioning  with  direct  potential. 

1  -  length  5  mm,  2  -  length  10  mm,  3  -  length  15  mm, 

4  -  length  20  mm 


of  the  surge  wave  front  towards  longer  times  as  the  length  of 
sample  increases. 

In  the  opinion  of  the  author,  change  of  flashover  voltage 
as  a  function  of  the  time  of  duration  of  switching  Gurge  wave  front 
is  caused  by  surface  charge  which  accumulates  on  the  surface  of 
solid  dielectric.  As  the  time  of  duration  of  the  wave  front  increases 
the  charge  accumulating  on  surface  of  solid  dielectrics  becomes 
larger  and  larger.  The  appearance  of  charge  on  surface  of  solid 
dielectric  is  the  result  of  the  secondary  emission  of  electrons, 
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Figure  5,21 ,  Flashcver  voltage  as  a  function  of  the  time  of  duration 
of  switching  surge  wave  front,  showing  the  maximum 
and  minimum  values.  Sample  from  polymethylmethacrylate, 
conditioning  with  direct  potential, 

1  -  length  5  2  -  length  15  no 


and  the  density  of  charge  on  surface  is  dependent  on  value  of 
the  coefficient  of  secondary  emission  j  as  a  function  of  the 
energy  of  primary  electrons  E  ,  or  function  of  the  value  of 
potential.  Concurrently  with  increase  of  the  time  of  duration 
of  the  surge  wave  front,  there  grows  the  amount  of  gas  evolved 
from  the  surface  of  solid  dielectric,  which  forms  a  thin  sheath 
around  the  solid  dielectric ,  Electrical  discharges  develop  in 
this  gas  layer.  Increase  of  thickness  of  the  gas  layer 


Figure  5-22.  Flashover  voltage  as  a  function  of  the  time  of  duration 
of  switching  surge  wave  frc^t.  Sample  from  poly- 
tetrafluoroethylene.  Conditioning  with  direct 
potential.  1  -  length  5  2  -  length  10  mm, 

3  -  length  15  ®m,  4  -  length  20  mm 


facilitates  the  development  of  discharging,  and  thus  lowers  the 
flashover  voltage.  But  also  the  formation  of  a  gas  layer  enables 
the  transfer  of  a  part  of  surface  charge  to  this  gas  layer,  and 
in  this  way  the  density  of  surface  charge  decreases.  Moreover, 
the  layer  of  gas  around  the  surface  of  solid  dielectric  decreases 
its  surface  resistance,  which  also  facilitates  the  flowing  off 
of  a  part  of  surface  charge.  These  two  factors  cause,  in  turn, 
an  increase  of  surface  strength  as  a  function  of  the  time 
of  duration  of  switching  surge  wave  front. 


Figure  5.23.  Flashover  voltage  as  a  function  of  the  time  of  duration 
of  switching  surge  wave  front.  Polyethylene  sample. 
Conditioning  with  direct  potential,  1  -  length  5  mm, 

2  -  length  10  mm,  3  -  length  15  mm,  4  -  length  20  mm 

The  above  mechanism  of  flashover  at  switching  surges 
explains  the  observed  fact  that  at  first  there  is  a  lowering 
of  flashover  voltage  and  then  there  is  rise  of  surface  strength 
as  a  function  of  the  time  of  duration  of  the  switching  surge  wave  front. 
A  shift  of  the  minimum  of  flashover  voltage  in  the  direction  of 
longer  times  of  duration  of  wave  front  confirms  the  above  expla¬ 
nation  of  discharge  mechanism.  For  longer  samples t longer  time  is 
necessary  to  form  a  gas  layer  of  suitable  thickness,  ^nd  for  part 
of  the  surface  charge  to  drain  from  larger  surface  of  solid  dielectric. 
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It  explains  the  observed  fact  that  the  surface  strength  as  a  function 
of  the  time  of  duration  of  switching  surge  wave  front  increases 
when  the  time  of  duration  of  wave  front  is  larger  than  the  time 
at  which  the  minimum  occurs  for  given  length  of  sample. 

A  further  confirmation  of  the  proposed  mechanism  of  the 
development  of  discharge  for  investigated  materials  is  provided 
by  analytical  relation  (5.2)  developed  by  the  author.  This  relation 
for  flashover  potential  along  the  surface  of  solid  dielectric  in 
vacuum  as  a  function  of  the  time  of  duration  of  the  surge  wave 
front  is  as  follows: 


^ 4  •  V 


for  |  $  t 


[.'*•*  I»(l  -  **  t 


(5.2) 


where:  ai«°^  -  coefficients  characterizing  the  type  of  solid 

dielectric  and  the  method  of  conditioning, 

d  -  length  of  sample, 

4 2  -  effect  of  the  length  of  sample,  IjjL. 

e"*1*  -  a  factor  causing  the  lowering  of  strength  as 

a  function  of  the  time  of  duration  of  surge  wave 
front,  connected  with  charging  of  surface  of  dielectric 
i-*”**11***  -  a  factor  causing  increase  of  strength,  connected  with 
suiface  conductance  of  solid  dielectric  and  with 
rate  of  draining  of  the  charge, 

-  constants  connected  with  type  of  material,  length  of 
sample,  conditioning  factors, 

♦  -  time  of  accumulation  of  surface  charge,  above  which 

there  is  the  effect  of  the  rise  of  surface  strength 
connected  wich  rise  of  surface  conductance  of 
solid  dielectric, 

*  -  time  of  duration  of  the  surge  wave  front. 


Figure  5.24.  Flashover  potential  as  a  function  of  the  time  of 
duration  of  switching  surge  wave  front. 

-  effect  of  the  accumulation  of  charge  on  surface  of 
44(4.#)  solid  dielectric, 

2  -  effect  of  surface  conductance  of  solid  dielectric 

on  draining  of  charge, 

t  -  time  after  which  the  draining  of  charge  from  surface 

of  solid  dielectric  begins.  j 


Figure  5.24  is  a  graphical  interpretation  of  the  relation  (5.2). 
In  order  to  obtain  Up  min  or  tffl^n  it  is  necessary  to  calculate 
the  derivative  of  function  Up  with  respect  to  t,  since  the 
remaining  factors  in  the  equation,  i.e.,  are  constants 

for  a  given  type  of  dielectric  and  method  of  conditioning,  and 
t1#  t2,  *  depend  on  the  length  of  sample  d.  Hence  for  a  given 


sample ,  y ,  4 

are  also  constants. 

^  =  f1  (d) 

type 

of 

dielectric, 

conditioning 

*2  =  f2(d) 

type 

of 

dielectric , 

conditioning 

*  =  f3(d) 
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dielectric , 
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j 


1 


i 


109 


Hence  the  general  equation  appears  as  follows: 

0*  •  on4  *(i  -  f  1 W1jj  for  |  >  t  IQ  (5.3) 


For  a  given  ,,dn  and  »  the  derivative  after  transformation 

is  expressed  by  equation: 


(5.4) 


The  condition  for  extremes 


ai 


(5.5) 


From  which  after  transformation  one  obtains  equation  fot 

’**♦«*§ 

Su  •  Tj  • 


^min* 

(5.6) 


After  substituting  tfflin  into  Equation  (5.3)  one  obtains  the 

relation  for  IT  _ .  . 

p  min 

Tables  5.1  and  5.2  give  values  of  flashover  potential 
obtained  experimentally  and  calculated  according  to  Equation  (5.2). 

Investigation  was  also  made  of  surface  strength  for  three 
studied  solid  dielectrics  on  samples  conditioned  with  alternating 
potential.  The  obtained  results  of  surface  strength  are  shown 
in  Figures  5.25,  5.26  and  5.27.  As  follows  from  Figures  and 
Tables,  character  of  the  surface  strength  for  given  solid  dielectrics 
as  a  function  of  the  time  of  duration  of  switching  surge  wave 
front  after  conditioning  with  alternating  potential  is  the  same 
as  after  conditioning  with  direct  potential.  As  given  in  Section 
5.3*  the  type  of  conditioning  potential  effects  the  state  of  surface 
of  solid  dielectric  which,  in  turn,  affects  the  coefficient  of 
secondary  emission. 


110 


Table  5*1*  Flashover  potential  obtained  experimentally  and  potential 
calculated  for  various  times  of  duration  of  the  switching  surge  wave 
front  for  polymethylmethacrylate,  polytetrafluoroethylene  and 
polyethylene.  Conditioning  with  direct  potential. 
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Key:  (1)  Type  of  dielectric:  (2)  Length  of  sample  in  mm;  (3) 

Measured  potential  in  kV;  (4)  Time  of  duration  of  the  surge  wave 
front,  in  us;  (5)  Coefficients  for  equation  (5.2);  (6)  Calculated 
potential  in  kV;  (7)  Time  of  duration  of  the  surge  wave  front,  in 
us;  (8)  Polymethylmethacrylate;  (9)  Polytetrafluoroethylene; 

(10)  Polyethylene. 


Table  5.2.  Flashover  potential  obtained  experimentally  and  potential 
calculated  for  various  times  of  duration  of  the  switching  surge  wave 
front  for  polymethylmethacrylate,  polytetrafluoroethylene  and 
polyethylene.  Conditioning  with  alternating  potential. 
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Figure  5.25.  Flashover  potential  as  a  function  of  the  time  of 

duration  of  switching  surge  wave  front.  Folymethyl 
methacrylate  sample,  conditioned  with  alternating 
potential,  1  -  length  5  mm,  2  -  length  10  mm, 

3  -  length  15  mm,  4  -  length  20  mm 


Figure  5.26.  Flashover  potential  as  a  function  of  the  time  of 

duration  of  switching  surge  wave  front.  Polytetra- 
fluoroethylene  sample,  conditioned  with  alternating 
potential,  1  -  length  5  mm,  2  -  length  10  mm, 

3  -  length  15  mm,  4  -  length  20  mm 


* 
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i 

Figure  5.27.  Flashover  potential  as  a  function  of  the  time  of 

duration  of  switching  surge  wave  front.  Sample  from  j 

polyethylene,  conditioned  with  alternating  potential.  i 

1  -  length  5  no*  2  -  length  10  mm,  3  -  length  15  ram,  5 

4  -  length  20  mm  l 


The  effect  of  the  time  of  duration  of  the  ridge  (peak) 
of  switching  surge  on  flashover  potential  was  not  systematically 


investigated,  since  flashovers  usually  appeared  at  the  peak  of 


surge  or  near  it.  Only  in  a  few  cases  we  observed  that  flashover 
occurred  on  the  ridge  (slope),  a  few  microseconds  behind  the  peak 
of  the  surge. 
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6.  DEGRADATION  OF  SURFACE  OF  SOLID  DIELECTRIC 
CAUSED  BY  FLASHOVERS 


Studies  of  surface  strength  of  solid  dielectrics  in  vacuum 
have  shown  that  the  flashover  voltage  as  a  function  of  consecutive 
flashovers  has  no  constant  value.  It  was  observed  that  after  25-30 
flashovers,  surfaces  of  the  sample  of  solid  dielectric  suffered 
a  strong  damage,  and  the  potential  of  flashover  had  smaller  and 
smaller  value  (Figure  6.1).  The  degree  of  degradation  of  a  given 
sample  depends,  in  addition  to  the  number  of  flashovers,  also  on 
such  factors  as  the  method  of  conditioning,  type  of  applied 
potential,  po>irer  of  test  source,  and  resistance  connected  in 
series  with  investigated  object. 

Studies  of  the  degradation  of  surface  of  solid  dielectrics 
caused  by  flashovers  were  conducted  at  direct  potential.  As  a  source 
of  potential  we  used  a  test  system  90  kV  with  power  1 .3  kVA,  and 
resistance  of  value  600  was  included  in  the  circuit  of  the 

source  ana  sample  of  dielectric.  The  state  of  shorting  of  the 
system  was  interrupted  after  10  ms. 


Figure  6.1 .  Flashover  voltage  as  a  function  of  consecutive 


flashovers.  Direct  potential,  pressure  133.322x10 
(lO"7  Tr),  polymethylmethacrylate  sample  5  mm  long 


-5 


Pa 


The  mechanism  of  degradation  of  solid  dielectrics  in  vacuum 
is  not  yet  fully  known.  In  this  work  the  data  concern  the  degra¬ 
dation  of  three  investigated  solid  dielectrics:  polymethylmetha¬ 
crylate,  polytetrafluoroethylene  and  polyethylene.  Our  studies 
of  surface  degradation  of  solid  dielectrics  are  carried  out 
on  the  basis  of  analysis  of  the  oscillograms  of  the  course 
of  switching  surges,  photographs  of  the  surface  of  solid  dielectrics 
magnified  by  means  of  an  electron  microscope,  and  measurements 
of  infrared  absorption  spectra. 

6.1.  OSCILLOGRAMS  OF  SWITCHING  SURGES  CORRESPONDING  TO 
CONSECUTIVE  FLASHOVERS 

From  a  large  number  of  recorded  oscillograms  of  switching 
surges  corresponding  to  consecutive  flashovers  we  chose  a  few 
characteristic  ones  for  our  analysis. 

To  determine  the  effect  of  consecutive  flashovers  on 
value  of  flashover  voltage,  we  applied  to  the  insulation  system 
switching  surges  of  constant  value  of  potential  sufficient  tc 
cause  a  flashover.  Figure  6.2  shows  oscillogram  of  consecutive 
switching  surges  600/3000  us  of  potential  with  value  28.0  kV. 

As  the  Figure  shows,  the  first  flashovers  did  not  cause  lowering 
of  the  value  of  flashover  voltage.  Moreover,  not  all  surges  with 
the  same  value  of  potential  caused  a  flashover  along  the  surface 
of  solid  the  dielectric. 

Figure  6.3  illustrates  the  case  in  which  after  the  first 
flashover  (which  occurred  for  surge  2  at  the  given  potential) 
there  are  two  further  flashovers;  these  flashovers  are  at  lower 
value  of  surge.  The  surge  3  applied  to  sample  caused  only  one 
flashover,  which  appeared  at  the  peak  (ridge)  of  surge. 

In  the  majority  of  cases  the  degradation  of  the  surface  of 
solid  dielectric  does  not  occur  violently  (suddenly),  but  there 
happen  to  be  cases  where  after  a  few  flashovers  the  investigated 


igure  6.2  (left).  Oscillogram  of  consecutive  switching  surges 

lJSA  Polymethylmethacrylate  sample 
|  mm  long.  Value  of  potential  28.0  kV. 

Surges  from  No.  1  to  No.  5 

figure  6.3  (rl®ht)-  of  consecutive  switching  surges 

R°U0?  Polymethylmethacrylate  sample 
<  01111  1°^S«  Value  of  potential  21.5  kV. 

Surges  from  No.  1  to  No.  3 


sample  becomes  completely  destroyed.  Figure  6.4  shows  oscillograms 
which  evidence  successive  degradation  of  the  surface  of  solid 

CaUS6d  by  consecutive  flashovers  of  switching  surges 
400/2000  us,  The  damage  to  the  surface  of  a  solid  dielectric  is  here 
very  strong.  The  second  surge  caused  the  flashover  at  lower  value 
of  potential.  The  flashover  occurred  at  the  front  of  surge,  and 
was  followed  by  two  further  flashovers.  At  the  third  surge,  the 
flashover  occurred  at  even  lower  values  of  potential,  and°altogether 


Figure  6.4.  Oscillogram  of  consecutive  switching  surges  400/2000  us. 
Polymethylmethacrylate  sample  5  mm  long.  Value  of 
potential  34.0  kV.  Surges  from  No.  1  to  No.  5 

there  were  9  ignitions.  Switching  surges  cause  relatively  fast 
degradation  of  surfaces  of  solid  dielectric.  As  a  result,  there  are 
multiple  flashovers  during  one  switching  surge  often,  leading  to 
the  formation  of  a  conducting  path  on  the  surface  of  solid  dielectrics. 
Not  all  samples  (Figures  6.2  and  6.3)  suffered  such  an  extensive 
damage  as  is  shown  by  oscillogram  in  Figure  6.4. 

Figpre  6,5  shows  the  case  where  the  first  flashover  (which 
occurred  only  at  the  third  wave  of  potential  of  given  value)  made 
such  a  strong  damage  to  the  sample  that  the  next  flashover 
formed  already  a  completely  conducting  path. 


In  the  majority  of  cases  the  degradation  was  not  so 
rapid  as  shown  in  Figures  6.4  and  6.5.  In  practice,  only  2 5-30 
flashovers  caused  severe  degradation  of  the  surface  of  solid 
dielectric  and  eliminated  the  sample  from  further  studies. 
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6.2.  STUDY  OP  THE  SURFACE  OF  SOLID  DIELECTRIC  BY  MEANS  OF 

ELECTRON  MICROSCOPE 

When  studying  the  surface  of  samples  by  means  of  electron 
microscope  it  was  observed  that  after  the  fiashover  there  are 
canals  (paths)  of  tree  type  on  the  surface  of  dielectrics, 
indicating  a  similarity  between  the  mechanism  of  fiashover  in 
vacuum  and  fiashover  in  air. 

To  illustrate  character  of  discharges,  photographs  of 
canals  obtained  for  three  investigated  materials  are  presented. 

The  photographs  are  made  for  samples  conditioned  with  direct 
potential,  using  also  direct  potential  as  test  potential. 

Figure  6.7  shows  a  sample  from  polymethylmethacrylate 
after  10  and  20  flashovers.  On  the  picture  showing  the  surface  of 
dielectric  after  1 0  flashovers  there  is  only  a  streak  indicating 
the  start  of  discharging  canal.  But  after  20  flashovers  the 
canal  is  already  very  distinct  and  has  numerous  side  branches, 
which  are  shown  in  Figure  6.8  in  300  X  magnification.  Inspection 
of  the  above  photographs  suggests  that  the  surface  of  the  canal  is 
smooth.  The  canal  arose  as  a  result  of  high  temperature  of  an 
electric  arc,  which  caused  melting  and  erosion  of  solid  dielectric 
and  its  transfer  onto  the  surface  of  electrodes. 

In  order  to  examine  closer  the  phenomenon  of  transfer 
of  solid  dielectric  onto  electrodes  we  used  a  sample  having 
one  edge  notched  (Figure  6.9).  The  location  of  the  notched  edge 
was  changed,  i.8.,  once  it  touched  cathode,  and  then  the  notched 
edge  touched  anode.  As  is  seen  from  pictures,  particles  of 
solid  dielectric  were  placed  on  the  electrode  on  circumference 
of  sarrples.  If  the  notched  edge  touched  anode,  then  on  the  anode 
remained  the  trace  of  notch  in  the  form  of  suitable  placing  of 
particles  of  solid  dielectric.  Distinctly  shaped  trace  of  notch 
evidences  the  transfer  of  particles  of  solid  dielectric  along 
the  surface  of  dielectric  and  not  in  space  near  the  dielectric. 


Figure  6.6.  Sample  of  polymethylmethacrylate  before  placing 
in  vacuum  chamber,  without  traces  of  surface 
discharging.  Magnification  100  X. 

We  conducted  also  studies  of  the  surface  of  polytetra- 
fluoroethylene  after  10  and  20  flashovers  (Figures  6.11  and  6.12). 
The  discharging  canals  which  for  polytetrafluoroethylene  appeared 
after  10  flashovers  are  already  very  distinct  (and  not  only 
a  streak  as  for  polymethylmethacrylate)  and  form  a  groove  deep 
into  polytetrafluoroethylene.  Cne  can  observe  also  side  branches, 
although  they  are  not  so  strong. 

A  very  interesting  is  the  whole  discharge  canal  after 
20  flashovers  at  only  45  X  magnification,  shown  in  Figure  6.12. 
The  canal  starts  at  the  cathode  as  a  narrow  and  deep  groove, 
gradually  broadens  and  causes  more  and  more  small  ridges. 

At  a  distance  of  about  1/3  of  the  length  of  sample  from  the  anode 
there  is  branching,  as  a  result  of  which  the  anode  is  reached 
by  two  branches.  They  are  much  broader  and,  moreover,  one  branch 


Figure  6.10.  Anode  with  deposited  particles  of  solid  dielectric 

-  polymethylmethacrylate  -  as  a  result  of  flashovers; 
a)  notched  edge  touched  cathode,  b)  notched  edge 
touched  anode 

appears  to  be  gradually  disappearing.  Such  a  character  of 
discharge  confirms  that  particles  of  solid  dielectric  are 
distributed  uniformly  along  the  edge  of  solid  dielectric 
on  anode  (Figure  6.10). 

Microscopic  studies  of  the  state  of  surfaces  of  solid  |  MC? 

dielectric  after  flashovers  were  also  conducted  for  samples 
from  polyethylene.  It  was  found  that  surfaces  of  polyethylene 
suffers  the  strongest  degradation.  Distinct  signs  of  discharge 
appeared  on  the  surface  of  polyethylene  already  after  10  flashovers 
(Figure  6. 13).  In  comparison  with  previous  two  dielectrics, 
they  are  deeper  and  are  characterized  by  a  broken  line.  The  character 
of  the  broken  line  is  visible  even  better  on  photographs  taken  after 
20  flashovers  (Figure  6.14).  In  addition,  this  broken  line  has 
variable  width  and  depth  along  the  path  of  discharge.  The  above 
photographs  evidence  a  poorer  uniformity  of  polyethylene  in  relation 
to  polymethylmethacrylate  and  polytetrafluoroethylene . 


Figure  6.14.  Sample  from  polyethylene  after  20  flashovers. 

Magnification  100  X 

As  is  seen  from  the  presented  photographs  of  surfaces  of 
solid  dielectrics  after  flashovers,  the  strongest  degradation  of  the 
surface  of  dielectric  occurs  for  polyethylene,  and  the  least  for 
polymethylmethacrylate.  It  is  also  characteristic  for  polymethyl¬ 
methacrylate  that  discharges  cause  the  appearance  of  a  broader 
and  not  so  deep  canal,  which  is  the  result  of  melting  and  erosion 
of  the  surface  of  polymethylmethacrylate.  For  polytetrafluoro- 
ethylene  and  polyethylene,  flashovers  lead  to  the  formation  of 
very  distinct  canals,  which  are  considerably  deeper  and  narrower 
than  for  polymethylmethacrylate. 


6.3.  SFECTROGRAPHIC  STUDIES 


Samples  for  studies,  in  the  form  of  thin  films,  were  sliced 
by  means  of  microtome  directly  from  solid  dielectric  subjected  to 
the  action  of  flashovers  as  in  Section  6.2. 

It  was  noted  that  repeated  flashovers  polished  the  surface 
of  solid  dielectric  to  some  degree.  The  canals  of  flashovers  along 
the  surface  of  solid  dielectric  were  visible  with  the  naked  eye. 

Infrared  absorption  spectra  in  the  range  650-4600  cm”1 
were  obtained  to  follow  changes  occurring  in  the  structure  of 
investigated  solid  dielectrics  under  the  action  of  flashovers. 

Samples  examined  included  initial  samples  and  samples  after  the 
action  of  20  flashovers. 

The  infrared  absorption  spectra  in  their  whole  range  failed 
to  show  any  distinct  changes  in  structure  of  the  investigated  solid 
dielectrics  under  the  action  of  electric  discharges  in  vacuum. 

Only  for  polyethylene,  which  according  to  studies  of  discharge 
canals  by  means  of  electron  microscope  suffered  the  strongest 
damage  to  surface,  certain  changes  occurred  in  absorption  spectra 
of  samples  after  20  flashovers. 

It  may  be  assumed  that  possibly  oxidation  or  destruction 
of  given  materials  occurred  to  such  a  small  degree  that  the 
resultant  changes  are  outside  of  the  sensitivity  of  spectro¬ 
photometer.  The  conditions  of  studies  in  vacuum,  and  small  amounts 
of  residual  gas,  would  support  this  conclusion.  Moreover,  one  has 
to  remember  a  very  short  time  of  duration  of  discharges,  and  a  small 
area  of  surface  changes. 

The  usefulness  of  spectrographic  studies  for  evaluation 
of  the  extent  of  degradation  of  the  surfaces  of  solid  dielectric 
as  a  result  of  flashovers  in  vacuum  is  very  limited.  This  arises 
from  the  fact  that  degradation  of  the  surface  of  samples  is  nonuniform 
and  takes  place  in  a  very  small  area.  Another  disadvantage  of  this 
method  is  difficulty  of  preparing  samples  of  the  same  thickness 


and  uniformly  prepared  surface  in  order  to  obtain  the  eame  transmission 
level  of  the  spectrum  of  examined  sample.  This  difficulty  applied 
particularly  to  polymethylmethacrylate. 

6.4.  CONCLUSIONS  FROM  STUDIES  OF  DEGRADATION  OF  SURFACE 

OF  SOLID  DIELECTRIC 

From  the  presented  results  of  studies  of  degradation  of 
samples  it  follows  that  thermoplastic  materials  in  vacuum  loose 
their  insulating  properties  after  a  dozen  or  so  of  discharges. 

Hence  studies  of  the  potential  of  flashovers  along  the  surface 
of  solid  dielectrics  should  be  carried  out  at  possibly  the 
smallest  current  of  shorting  and  the  shortest  time  of  shorting, 
to  reduce  the  damage  of  surfaces  of  solid  dielectric  to  a  minimum. 

In  spite  of  limiting  the  current  flowing  during  the  flashover 
along  the  solid  dielectric,  the  degradation  is  still  considerable 
and  in  practice  samples  undergo  destruction  after  about  25-30 
flashovers.  Among  the  investigated  materials,  polyethylene  suffers 
the  strongest  degradation,  and  polymethylmethacrylate  is  the 
least  affected. 
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7.  SUPPLEMENTARY  STUDIES  OF  THE  MECHANISM  OF  FLASHOVER 
ALONG  .SURFACES  OF  SOLID  DIELECTRIC  IN  VACUUM 

Results  of  studies  of  the  surface  strength  of  thermoplastic 
dielectrics  in  vacuum  are  described  in  Chapter  5.  Results  of  studies 
of  degradation  of  the  surfaces  of  solid  dielectric  caused  by 
flaBhovers  (Chapter  6)  contain  also  some  data  and  considerations 
concerning  mechanism  of  the  flashover  along  surfaces  of  solid 
dielectric  in  vacuum.  This  Chapter,  in  turn,  will  present  results 
of  further  studies  aiming  at  getting  better  knowledge  of  the 
mechanism  of  flashover  along  thermoplastic  materials  in  vacuum. 

A  system  for  observation  and  recording  of  surface  dischargee 
(Figure  7.1  )  was  used  for  studies  of  the  mechanism  of  flashover 
along  solid  dielectric  in  vacuum  at  direct  potential  (d.c.)  or 
alternating  potential  (a.c.).  This  system  enables  to  record  the 
course  of  discharge  on  magnetoscope  tape,  and  then  to  reproduce 
the  discharge  and  to  choose  a  proper  frame  illustrating  an 
interesting  stage  of  discharge. 

In  investigations  of  the  mechanism  of  flashover  along 
surfaces  of  solid  dielectric  in  vacuum  at  direct  potential 
the  author  observed  £53*  763  the  occurrence  of  local  flashes 
on  the  surface  of  solid  dielectric  before  the  flashover.  He  explained 
this  pre-flashover  discharge  on  a  part  of  surface  of  solid 
dielectric  as  due  to  accumulation  of  surface  charge.  Various 
stages  of  surface  discharge  at  direct  potential  were  recorded 
by  means  of  the  system  given  in  Figure  7.1  *  and  were  made 
permanent  on  photographs  shown  in  Figure  7.2. 

Photograph  No.  1  (Figure  7.2)  shows  the  first  unclear  - - 

local  pre-flashover  discharge  (glow),  which  appeared  and  disappeared 
irregularly  at  a  constant  value  of  potential.  If  the  potential 
was  slightly  raised,  the  pre-flashover  discharge  was  stronger 
and  clearer,  but  it  did  not  reach  yet  the  full  flashover  stage. 
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Figure  7.1 .  Diagram  of  a  system  for  observation  and  recording 
of  discharges  on  surface  of  solid  dielectric. 

1  -  vacuum  chamber,  2  -  Video  camera,  3  -  magnetoscope, 
4  -  monitor,  5  -  photographic  camera 

Photograph  No.  2  (Figure  7,2)  shows  the  state  of  pre-flash- 
over  discharge  after  raising  the  potential  by  5  kV  in  the  time 
of  6  seconds  in  relation  to  Photograph  No.  1.  We  observe  here 
a  bright  clear  thread  of  glowing  discharge,  which  moves  on  the 
surface  of  solid  dielectric  and  fades.  Photograph  No.  3  shows 
the  stage  of  pre-flashover  discharge  at  constant  value  of  potential 
after  the  time  of  0.5  sec  with  respect  to  Photograph  No.  2. 

The  intensity  of  glowing  discharge  is  very  faint  and  this  discharge 
nearly  entirely  fades  away. 

After  the  period  of  time  of  about  0.4  sec,  counting  in 
relation  to  Photograph  No,  3>  there  was  a  flashover  at  unchanged 
value  of  potential  (Photograph  No.  4,  Figure  7.2).  Then,  in 


intervals  from  0.05  to  0.1  sec  followed  consecutive  flashovers. 

After  a  few  flashovers  at  direct  potential  one  could  see 
on  the  surface  of  investigated  samples  the  formation  of  a  dischar¬ 
ging  canal,  which  after  a  dozen  or  so  flashovers  is  already  well 
formed.  There  is  an  intensive  degradation  of  the  surface  of  a  solid 
dielectric  along  this  canal. 

Analysis  of  the  dvelopment  of  flashover  at  alternating 
potential  was  carried  out  on  the  basis,  among  others,  of  micro¬ 
scope  photographs  of  discharging  canals  on  the  surface  of  solid 
dielectric.  The  testing  apparatus  used  enabled  to  determine  at 
which  sign  of  potential  on  ungrounded  electrode  the  flashover 
took  place.  The  first  few  flashovers  appeared  at  different  signs 
of  potential  at  ungrounded  electrode.  In  the  majority  of  cases 
after  ten-twenty  discharges  the  flashovers  appeared  at  the  same 
polarity  of  ungrounded  electrode.  Usually  the  number  of  canals 
on  surface  of  solid  dielectric  at  alternating  potential  was  larger 
than  at  direct  potential  and  these  canals  were  considerably  more 
branched.  Moreover,  in  addition  to  the  main  canal,  at  alternating 
potential  one  could  observe  a  couple  of  semi-developed  canals. 
Photographs  in  Figures  from  7.3  to  7.6  give  examples  of  discharge 
canals  at  alternating  potential. 

Figure  7.3  shows  discharge  canals  which  appeared  after 
40  flashovers  at  various  places  on  the  whole  circumference  of 
the  sample  of  polymethylmethacrylate  5  rani  long.  Comparison  of 
the  discharge  canals  shows  that  the  highest  degradation  was  suffered 
by  surface  of  dielectric  in  Figure  7.3b.  The  canal  of  this 
discharge  is  considered  as  the  main  canal  in  which  the  majority 
of  flashovers  took  place. 

Discharges  develop  on  the  outside  of  the  sample,  and  the 
electric  arc  is  the  broadest  in  its  middle  part,  which  is  evidenced 
by  the  width  of  the  damaged  belt  of  solid  dielectric  in  7.3b.  j  Q- 
An  interesting  fact  is  the  appearance  of  branching  (Figure  7.3b) 
and  a  broader  canal  at  one  of  the  electrodes.  Figure  7.3a  shows 


Figure  7.4.  Polytetrafluoroethylene  sample  10  mm  long,  after 
40  flashovers.  Alternating  potential,  flashover 
voltage  36  kV.  a)  Canal  at  electrode  A,  magnification 
50  X,~b)  Canal  at  electrode  3,  magnification  50  X, 
c)  Part  of  the  canal  from  Figure  7.4a,  magnifi¬ 
cation  200  X 


Figure  7,5.  Polyethylene  sample  10  mm  long  after  40  flashovers. 


Flashover  voltage  30  kV,  alternating  potential. 

a)  Canal  1,  middle  part  -  magnification  100  X; 

b)  Canal  1,  at  electrode  -  magnification  100  X; 

c)  Canal  2,  middle  part  -  magnification  400  X 
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side  canal  1 ,  where  the  surface  damaged  by  electric  arc  in  vacuum 
shows  the  development  of  discharge  along  the  broken  line.  This 
fact  has  affected  the  state  of  the  surface  of  solid  dielectric. 

For  samples  of  polytetrafluoroethylene  and  polyethylene 
several  discharge  canals  were  present  on  sample  circumference 
after  40  flashovers  in  vacuum,  similarly  to  the  sample  from 
polymethylmethacrylate . 

Figure  7*4  shows  one  of  characteristic  discharge  canals 
for  a  sample  from  polytetrafluoroethylene.  The  canal  at  electrode  A 
is  relatively  narrow  and  deep  in  comparison  with  the  same  canal 
at  electrode  B,  where  discharge  takes  place  on  the  surface  of  the 
solid  dielectric  causing  damage  to  a  larger  area  but  to  a  consi¬ 
derably  smaller  depth.  Transition  of  the  canal  from  the  form 
in  Figure  7.4a  to  form  in  Figure  7.4b  proceeds  gradually.  Figure 
7.4c,  which  is  a  magnification  of  a  part  of  Figure  7.4a,  shows 
that  the  canal  digs  deeper  into  polytetrafluoroethylene.  Each 
discharge  causes  not  only  desorption  of  gas,  but  also  strong 
evolution  of  gas  caused  by  decomposition  of  solid  dielectric 
in  the  canal  of  electric  arc. 

Samples  from  polyethylene  were  also  characterized  by 
several  discharge  canals  after  40  flashovers.  For  illustration, 
Figure  7.5  shows  two  discharge  canals  along  polyethylene  sample. 
Discharge  canal  1  caused  degradation  of  sample  on  a  large  area 
but  the  groove  is  not  deep.  On  the  other  hand,  in  canal  2  there 
was  a  severe  degradation  of  polyethylene  in  the  form  of  conside¬ 
rably  deeper  and  narrower  groove  in  the  sample. 

The  first  three  photographs  in  previously  shown  Figure  7.2 
show  local  pre-flashover  discharges  on  the  surface  of  solid 
dielectric,  which  did  not  lead  to  flashover.  A  confirmation  of 
the  occurrance  of  such  discharges  are  traces  (marks)  or.  surface 
of  polyethylene  (Figure  7.6).  Degradation  of  a  part  cf  the  surface 
of  polyethylene  in  the  form  of  point  marks  indicates  that,  in  this 
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surface  of  polyethylene  resembled  craters  (spots)  on  electrodes 
and  are  the  result  of  the  point  melting  of  polyethylene.  The 
shape  of  these  craters  is  very  characteristic,  corresponding  to 
high  temperature  at  the  point  of  melting  of  arc.  Traces  in  the 
middle  part  of  the  section  of  polyethylene  surface  are  much  larger. 
Similarly  as  in  Figure  7.3  a  broader  belt  of  degradation  of  solid 
dielectric  appeared  in  the  middle  part  of  the  sample. 

With  the  aid  of  photographs  of  discharges  shown  in  Figure  7.2 
and  taking  into  consideration  microscopic  studies  which  showed 
the  appearance  of  paths  also  in  the  middle  part  of  the  sample 
(Figure  7.6),  one  can  explain  the  important  role  and  effect  of 
conditioning  factors  with  direct  and  alternating  potential. 
Conditioning  with  alternating  potential  causes  an  increase  of  the 
surface  strength  of  system  in  relation  to  the  surface  strength 
after  conditioning  with  direct  potential  because  of  the  fact  that 
at  alternating  potential  the  pre-flashover  discharges  develop 
more  uniformly  around  the  whole  solid  dielectric.  I 

Pre-flashover  discharges  developing  around  the  whole 
thermoplastic  solid  dielectric  liberate  gas  adsorbed  by  the  surface 
of  dielectric,  and  thus  result  in  the  occurrence  of  flashover 
in  the  layer  of  desorbed  gas. 

Considering  studies  of  the  mechanism  of  flashover  that  have 
been  done  so  far  and  our  investigations,  the  author  of  this  work, 
similarly  to  others  (Chapter  3),  is  of  the  opinion  that  electrons 
emitted  from  the  surface  of  metal  electrode  (cathode)  or  which 
appeared  at  the  dielectric-electrode-vacuum  junction  as  a  result 
of  ionization  bombard  the  surface  of  solid  dielectric  causing  the 
charging  of  the  surface  of  the  solid  dielectric  with  a  positive  charge 
(Figure  7.7).  This  charging  of  the  surface  of  solid  dielectric 
with  a  positive  charge  results  from  the  secondary  emission  of 
electrons  on  the  surface  of  solid  dielectric. 

Colliding  with  the  surface  of  solid  dielectric,  electrons 
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ilgr  ■«.  ,.7.  Distribution  of  electric  charges  in  the  system 
with  solid  dielectric  in  vacuum 

1  -  area  of  distribution  of  electrons 

2  -  area  of  distribution  of  positive  ions 

3  -  area  of  distribution  of  neutral  particles 


cause  evolution  of  gas  from  the  surface  of  dielectric,  which 

means  at  the  same  time  liberation  of  neutral  particles  which 

move  in  parallel  to  equipotential  surfaces  forming  a  space  with  j 

predominance  of  neutral  particles.  j 

Colliding  with  the  surface  of  electrode  (anode),  electrons  LiJ 
cause  liberation  of  positive  ions  (cations) from  the  anode.  They 
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move  slowly  in  the  direction  of  cathode  but  at  a  larger  distance 
from  the  surface  of  solid  dielectric  than  the  electrons ,  and  they 
form  space  charge  (Figure  7.7). 

The  dependence  of  flashover  potential  as  a  function  of  the 
time  of  duration  of  switching  surge  wave  front  is  the  sum  of  the 
action  of  surface  charge,  arising  on  the  surface  of  solid  dielec¬ 
tric  as  a  result  of  secondary  emission  of  electrons,  of  surface 
resistance  of  solid  dielectric,  and  of  the  layer  of  gas  desorbed 
around  the  dielectric. 

As  the  time  of  duration  of  switching  surge  wave  front 
increases,  the  charge  accumulating  on  the  surface  of  solid 
dielectric  becomes  larger  and  larger,  and  its  effect  on  the 
lowering  of  surface  strength  also  becomes  larger.  At  the  same  time, 
with  increase  of  the  time  of  wave  front  there  is  an  increase  of 
the  amount  of  desorbed  gas  forming  a  thin  gas  sheath  around  the  solid 
dielectric.  Electrical  discharges  develop  in  this  gas  sheath. 

With  an  increase  of  the  amount  of  desorbed  gas  there  is  a  lowering 
of  flashover  voltage. 

But  gas  layer  enables  the  transfer  of  a  part  of  the  surface 
charge  to  the  gas  layer,  causing  a  reduction  of  the  density  of 
charge  on  the  surface  of  dielectric.  Moreover,  the  gas  layer 
reduces  surface  resistance  of  solid  dielectric,  enabling  a  part 
of  the  surface  charge  to  drai.  off.  These  factors  cause  an  increase 
of  surface  strength  as  a  function  of  the  time  of  duration  of 
switching  surge  wave  front.  The  role  of  surface  charge  and  surface 
resistance  of  solid  dielectric,  according  to  Equation  (5.2), 
was  shown  previously  in  Figure  5.24. 

The  author  does  not  know  any  other  work  which  explains 
the  mechanism  of  fl  ver  along  surfaces  of  solid  dielectric 
at  switching  surge  potential  in  this  way.  The  above  given  machanism 
of  flashover  can  be  also  extended  to  other  impulse  potentials. 
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8.  FINAL  CONCLUSIONS 


The  ever  increasing  application  of  vacuum  as  an  insulation 
medium  in  electroenergetic  facilities  creates  the  need  of  closer 
knowledge  of  the  electrical  surface  strength  of  solid  dielectrics 
in  vacuum  at  surge  and  switching  surge  overvoltages.  The  aim  of 
the  author  was  to  supplement  the  range  of  investigations  in  this 
area.  This  work  contains  results  of  studies  of  electrical  surface 
strength  of  solid  dielectrics  in  vacuum,  and  explains  the  mechanism 
of  flashover  at  switching  surge  overvoltages. 

In  summing  up  the  results  of  studies,  the  author  wishes 
to  point  out  these  aspects  of  the  work  which  bring  a  new  contri¬ 
bution  and  in  significant  way  broaden  the  actual  state  of  knowledge 
in  the  area  of  electrical  surface  strength  of  solid  dielectrics 
in  vacuum.  The  most  important  achievements  of  this  work  include: 

1 .  Finding  a  dependence  of  the  electrical  surface  strength  of 
solid  dielectric  in  vacuum  on  the  time  of  duration  of  switching 
surge  wave  front. 

2.  Determining  a  mathematical  relation  describing  the  mechanism 
of  flashover  at  switching  surges. 

3.  Advancing  a  physical  interpretation  of  the  mechanism  of  flash- 
over  along  solid  dielectrics  in  vacuum  at  switching  surges. 

4.  Describing  an  increase  of  flashover  voltage  along  investigated 
solid  dielectrics  at  direct  and  surge  potentials  approximately 
by  square  root  of  the  length  of  the  sample. 

5.  Finding,  by  means  of  microscopic  studies,  the  formation  of 
permanent  canals  on  the  surface  of  solid  dielectric  which  cause 
lowering  of  surface  strength.  The  shape  of  canals  is  dependent 
on  the  type  of  insulating  material. 

6.  Finding  that  thermoplastic  materials  suffer  relatively  fast 
degradation,  and  after  30-35  flashovers  the  investigated  sample 
looses  practically  all  surface  strength. 
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7.  Establishing  that  the  investigated  thermoplastic  materials 

may  be  put  in  the  following  order  with  respect  to  their  surface 
strength  and  the  degree  of  resistance  to  degradation  of  surface 
of  dielectric  under  the  action  of  flashovers: 

-  polymethylmethacrylate, 

-  polytetrafluoroethylene, 

-  polyethylene. 

8.  Finding  that  surface  strength  depends  very  strongly  on  the 
method  of  conditioning  of  the  sample:  the  type  of  conditioning 
potential,  number  of  conditioning  flashovers,  value  of  conditio 
ning  voltage,  and  the  type  of  test  potential. 

The  author  hopes  that  the  presented  results  of  studies 
and  the  proposed  mechanism  of  flashover  along  solid  dielectric 
in  vacuum  at  surge  and  switching  overvoltages  will  find  practical 
application  in  planning  and  use  of  electroenergetic  vacuum 
facilities,  and  will  be  utilized  for  further  scientific  studies 
of  the  properties  of  vacuum  systems  under  conditions  of  electrical 
discharges. 


9.  APPENDICES 


Appendix  1.  Flashover  potential  for  polytetrafluoroethylene 
with  conditioning  at  direct  and  alter;  ating  potentials. 
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Appendix  2.  Plashover  voltage  for  polymethylmethacrylate  at 
various  types  of  potential.  Conditioning  with  direct 
potential.  _ _ _ _____ __ __ 
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Appendix  5-  Flashover  voltage  for  polytetraflyoroethylene 
at  various  types  of  potential.  Conditions  -.with  direct 
potential. 
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58,6  L  •  90,894  d®*5* 


Key:  (1)  Type  of  potentialj  (2)  Measured  flashover  potential 

in  kVj  (3)  Length  of  sample j  (4)  Equation  representing  the 
flashover  potentialj  (5)  Flashover  potential  calculated  from 
equation j  (6)  Directj  (7)  Surge  1.2/50  usj  (8)  Alternating: 
(9-14)  Switching  surge. 
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Appendix  6.  Flashover  voltage  for  polyethylene  at  various 
types  of  potentials.  Conditioning  with  direct  potential 


Poaianoaa  ml 
prsMkoha  *  « 

StacaM  jc« 


IMsaJ  napl««la  (T) 


•taka  <£)  !  59,5 
vdaroa*  1.2/90  p.g)  |  55,6 
pneil«M  0  20,5 
ndu  tqes.  55/00  p»@  25,0 
odar  law.  50/250  pa£^  22,7 
udar  l%ci.  00/700  paQ  19,5 
udar  last. 150/1000  pa®  20,0 
udar  1%0» .*00/2000  24,2 
udar  i 4o». 600/5000  pd(§l  27.5 


10  aa 

15  ■» 

60,0 

70,5 

40,6 

57.6 

24,5 

27,5 

40,6 

50,0 

55.6 

46,9 

56,7 

20,9 

57.5 

54,4 

42,2 

55.9 

45.6 

■•"SSBSf® 


•  10,045  dO,50a 

•  16,515  40’*42 

•  15.075  d0*275 
»  a  9,629  d0,<0* 

>  .  0,150  d0'6yl 

>  .  6,60  d0,65° 

>  >  7,002  d0*57* 
?  .  10,010  l0*5®1 
p  •  12.552  d°»47* 


oSUmSm  aaplo^l* 
pHMtod  Wl  aaawM3> 

Otoicaid 

;  «  1  10  aal  15  « 1 20  i 


40.4 

54.5 
20,4 

|  25.5 
j  22,5 

10.6 

19.6 
24,2 

26.7 


57.5 

47.5 

24.6 

56.9 
5*,6 

20.9 

29.5 

54.5 
37.1 


70,2 

57.0 

27.6 

49.6 
45,0 
57.5 
57.4 

42.1 

45.1 


i 


Key:  1  -  Type  of  potential,  2  -  Measured  flashover  potential  in  kV 
y  \  .  Length  of  sample,  4  -  Equation  representing  the  flashover 
potential,  5  -  Flashover  potential  calculated  from  equation, 
f:  direct,  7  -  surge  1.2/50  us,  3  -  alternating, 

9-14  -  switching  surge 


min 

mil! 


Appendix  7.  Flashover  voltage  for  polymethylmethasrylate  at 
various  types  of  potentials.  Conditioning  with  alternating 
potential. 


■olltj  Mpl fU  0  pCTt^ota 


OlogoM  pv6Ml( 


1*2/90  pa  §7  <2*4 
49.5 

55/90  f  ®  *>»° 
50/250  p@  97*2 
00/700  55.5 

190^*000^91.7 
4«VBOOO|tt?94,l 


90.5 

75.5 
09.0 

99.5 
02*2 
95.9 
74,4 
70.7 
79,0 


113.0 

«•.* 

0».3 

105.0 

105.0 

100,4 


151.0  02 
100*0  Op 

7*,5  Op 
122*2  «P 
120,0  Op 
112*5  Op 


•  25,097  40*549 


•  20,751  00**2 

•  10,472  d0**97 
.  27,710  d0*501 
■  24.099  «°**55 


-  21*955  d 


,0,J»9 


100*0  Op  - 

414,0  Op  • 

1194  op- 


•  22*129 

•  22,979  d0*5** 

•  25.1*9  *P,W4 


Bk«do*6  pe*M*& 
tm  I  10  m  1  15  “ 


02,17 

49,0 

50,7 

02.1 

5P,i 

55,1 

51.0 

55.0 

55.0 


90,90 

72.5 
51.7 
07,9 
02,7 
77,0 

71.5 
774 
79.0 


115.0 

90,1 

05.4 

107,4 

102.7 


155.1 

105,5 

75.1 

124.4 

119,9 

115.5 
107.0 

1114 

115.7 


1  -  Tvne  of  potential,  2  -  Measured  flashover  potential  in  kV, 
3  -  Length  of^sample,  4  -  Equation  representing  the  flashover 
potential,  5  -  Flashover  potential  calculated  from  equation, 

6  -  surge' 1.2/50  wo,  7  -  direct,  8  -  alternating, 

9-14  -  switching  surge 


Appendix  8.  Flachover  voltage  for  polytetrafluoroethylene 
at  various  types  of  potentials.  Conditioning  with  alternating 
potential . 


MmJ  aapltal* 

(>) 

Uayataa?  wata  eOaaaro- 

oaileaoM 

paaaakoba 

3-iKS:© 

DtacaM  pattkl 

«aj%S]r  aaplfai*  praaafco- 

ST\ 

Discoid 

prdbklC^ 

5  • 

10  m 

15  m 

20  m 

5  aa 

10  aa 

15  m 

20  aa 

vdiran  1,2/SO  pa 

60,0 

043 

108,0 

127,0 

Up  .  24,778  40’543 

59,3 

06,3 

107,6 

125,0 

•tala  Q) 

♦5.7 

70,5 

06,3 

100,2 

Up  r.  16,610  d0*5®9 

46,3 

66,6 

06,2 

101,4 

29.5 

40,0 

47,6 

53,8 

Up  .  14,751  4°»%51 

29.5 

39.0 

*7,4 

53,7 

&Lr  l%ss>  35/00  pa 

57.2 

as, a 

97,0 

122,4 

Up  -  24,514  4°*524 

57,1 

62.3 

101,0 

110.5 

&ar  l%ea«  50/250  pa 

54.0 

73,a 

95.5 

118,2 

Up  >  22,055  d0'5*7 

53.2 

77,7 

96,9 

113,5 

SL  l%os.  00/700  pa  t 

50,2 

68,1 

93,1 

112.3 

Op  ■  19,037  40*5®9 

40,6 

72,0 

92,2 

109,1 

Mb  !%»•«  150/1000  pa 

50,7 

71,5 

91,6 

107,6 

Up  a  20,565  l0*549 

49.0 

72,0 

90,9 

106f5 

j&v  l%s*.  100/2000  pa 

50,2 

72, a 

92.6 

112,0 

Up  .  19,706  d°*572 

*9,7 

73.0 

93.1 

109,0 

U4r  1«m.  600/3000  pa 

50,9 

75.4 

93,3 

115,0 

Op  •  19,795  4°*57® 

50,2 

74,0 

94,6 

111,7 

1  -  Type  of  potential,  2  -  Measured  flashover  potential  in  kV , 
3  -  Length  of  sample,  4  -  Equation  representing  the  flashover 
potential,  5  -  Flashover  potential  calculated  from  equation, 

6  -  surge  1.2/50  vs,  7  -  direct,  8  -  alternating, 

9-14  -  switching  surge 
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Appendix  9.  Flashover  voltage  for  polyethylene  at  various 
types  of  potentials.  Conditioning  with  alternating 
potential. 


Roduj  aapl«oU 


udArova  1,2/so  pa  sa,6 

5  44,3 

(HMUai  ($)  27,1 

SL  2% oi.  35/60  ju  >4,6 
«Lr  Uoa.  30/230  pa  51.7 
mmt  *%ea.  60/700  jm  |  46,3 
2%om. 150/1600  pa  46,3 
•6*r  *«aa.400/2000  p  49,4 
e  Mea. 600/3000  pj  30,9 


pmaloni 
HU  2«bi. 


isagg*  rtr*® 

Ofc«ott  pr6b«(§) 


10  m 

15 

|  20  mi 

84,3 

104,0 

116,4 

64,3 

81,0 

93.8 

36.7 

43,8 

46,6 

76,0 

95.5 

112,4 

71,5 

93.1 

106,5 

37.5 

86,9 

101.7 

66,6 

■82.4 

| 

97.8 

70,5 

96,1 

104,1 

75.8 

90.2 

108,0 

Inikuj  wadr  t»ww 
aujBcj  oAPtacia  praa- 
•KOlCtt 


Up  «  26,436 
Up  •  16,450 
Op  •  13,747 
Up  •  23,667 
Op  •  21,867 
Up  •  17,130 
Up  -  19,*91 
Op  «  20,001 
Up  •  21,6*6 


*0,439 

*0.544 

*0,445 

*0.313 

*0.547 

*0.582 

*0.537 

*0.560 

*0.526 


Oklleton  naplpala/A 
pr*. ■totu  a*  .wnW' 

Dlucote  jrtbkira 


10  mk 

15  m 

20  am 

«5.5 

102.3 

118,0 

64,5 

60,5 

94,1 

36,5 

43,4  1 

49,0 

77.5 

95.5 

110,6 

73.6 

91,1 

106,1 

65.5 

82,9 

1  96,1 

66,8 

83,0 

1  96,6 

72,6 

91,2 

197,0 ! 

73,3 

90,7 

105.5 

\  -  Type  of  potential,  2  -  Measured  flashover  potential  in  kV, 
3  -  Length  of  sample,  4  -  Equation  representing  the  flashover 
potential,  5  -  Flashover  potential  calculated  from  equation, 

6  -  surge  1,2/50  us,  7  -  direct,  8  -  alternating, 

9-I4  -  switching  surge 


--i 

/</? 

REFERENCES 


tl]  if  l  h  i  r  t  «  a  i  S.B.,  0  r  a  n  a  a  u  P.,  JoaaaoadJ.t 

Beonoalo  Miniaint  of  a  liquid-nit rogan-coolaA  eabla.  XBMS  Traaa. 
oa  PiSi  lto*  if  1970*  a*  S-16* 

t*]  Akabaaa  a. ,  Banda  C.  and  X  a  a  a  1  i  K.i  Uttot 

of  dialaotrio  ooaatant  on  aurfaoa  dlaobarga  of  poljraar  inaulatora  in 
vaeuua.  Japan  Appl.  Ftgra.,  Mo.b,  1973.  a.  3927* 

C3]  Akabaaa  M.,  Obki  X.,  Ito  0..  X  abaci  E.i 
On  «ba  aurfaoa  *f laabovar  pbanoaaaa  la  poljraar  iaaulatora  ia  vaouua. 
Blaot.  ang.  Japan,  Mo.1 ,  197b,  a*  1«*. 

CbJ  Aadaraoa  r.a.i  6tudp  of  aurf  aoa-f  laahovar  of  ooaoial  in- 
aulatora  uaiag  3  na  riaatlna  pulaaa.  Proa .  of  tbo  Til  Intartiatlonal 
Sjapoaiua  oa  Olaobargaa  and  Clootrloal  laaulatloa  in  Vaouua,  Movo- 
aibirak,  USSR,  1976.  a.  292-396. 

[9]  Aadaraoa  M.A.,  Bralaard  J.F.t  Surfaea  flaabdvar 
nodal  baaad  oa  alaotron-atlaulatod  daaorption.  Froo.  of  tba  TXIX  A* 
tamatioaal  Bjapoalua  on  Olaobargaa  and  lloetrloal  laaulatloa  la  Va- 
ouun,  Alburquarqua ,  USA,  1978,  a.  DA-1  *  Da-19. 

[6]  Arnold  X.W.  1  Vaouua  braakdoaa  pbanoaaaa  at  1  Million  Voltal 
a  poataorlpt.  Froo.  of  tha  XI  International  Byapoalua  an  laaulatloa 
of  Hlgb  Voltagaa  la  Vaouua.  MIT,  U8A.  1966.  a.  73-82. 

[7]  Aadlaako  A.A..  Allaoaakl  A. A.,  lain  M.O.i 

Flaahover  an  vaouua.  Froo.  of  tba  VXX  Xntoraatleaal  Bgnapoalua  oa Dia- 
ohargaa  and  llaotrloal  Xnaulation  in  Vaouua.  Bovoolblrak*  USSR, 
1976,  a.  207-291. 

C8]  Aadlaako  A.A.t  FoaiarohaoatnjrJ  proboa  talerdyob  dielek- 
trykoa  a  aakuualo.  Burnal  foohn.  Flaikl,  toa  47,  1977.  a.  1697-1792. 

[9]  Aadlaako  A. A..  M  a  1  a  v  M.O.i  PoaiarohnoatnjrJ  proboa 

tulerdjrott  dlalektrpkoa  a  aakuualo.  lurnal  Taoha.  Flaikl.  toa  *?.  197% 
a.  1709-1711. 

CIO]  Baokaaa  L.,  J  a  n  a  a  0  a  M.t  Maaauroaanta  on  laaula- 

tor-aurfaoa  braakdoaa  la  vaouua  uadar  do  voltoga.  Tbo  Journal  of 
Vaouua  Solanea  and  Teetanologjr,  Mo. A.  1968,  a.  99-101. 

Cll]  Bobo  J*.  Farrlar  M..  Follou  B.,Qalaad 

J ,  t  Dialaotrio  atrangth  of  poljraera  at  crjrogenlc  taaparaturaa  uadar 
vaeuua.  Vaouua.  Mo. 7.  1966,  a.  397-401 . 

[12]  B  0  a  r  a  o  h  H.,  Hailieb  H.,  K  h  r  1  1  0  h  t.t 

ObarflVebantladungao  Qber  laolatoran  la  Vokuua.  Zoitachrlft  fttr  Aa- 
gaoandta  Phyelk,  Mo  6,  1963.  a.  51H-524 . 


■  . 


[13]  Borovik  P.s.,  Babrakov  I.I.i  Zavaatlfabiaa  of 
broakdovn  la  vaotuia.  ftovlob  Ftyoloa,  Toeaaloal  Pbyaloa,  TU.),  lyjft 
a.  1811-1818, 

[1b]  B  u  c  a  a  v  8.P.,  lakeldaklj  A.M.,  111  l  U  f 

O.i.i  Iolodovaalo  aoohonloaa  tapulanofo  proboja  pa  pauitfBbBOBbl 
dlalakbrlka  *  aakuala .  Z  Odaorodno  jo  pols .  toll  Tooba.  Hltkl. 
Be.  10,  1987,  a.  1893-1880. 

[15]  B  u  •  a  a  v  S.P.,  ilailaa  O.i.i  Iolodooanlo  — obaaliaa 
lapulaaofo  proboja  pa  paalarabaaatl  dlolokbrlka  •  vokacla.  XX  Bia- 
odaorodaojo  pala.  tonal  Tooba.  rum.  la.  10,  1987,  a.lB8MB<9* 

[18]  oiittarita  P.A.,  Pavia*  D.K.i  Ba  aaadaiy  p^aa- 
«raa  aalaaloa  obaraoborlobloa  at  laaultbai  BUrfaaoa  baton  mi 

bar  lapulaa  flaibavax.  Proa,  of  bba  Till  Xabaiaatlaaal  Bjppul m  *8 
Dlaebarpaa  and  llaabrloal  Xaaulabloa  la  Taaaua,  Albarbuarfoa,  (81, 
1978.  •.  08-1  a  08-11. 

[17]  0  a  a  a  r  a  a  4  «  0.,  Daaktli  4.8.,  Lava  11a  X., 

Mo  0  a  y  v.i  iloobxostatla  pa  vox  foaaratora  to  apaaa.  Vpaaa 
Poaar  Bpabana  Ooafaraaaa,  Aaarlaaa  Roakab  Baaiabp,  Baa  Banloa,  UB4, 
1982,  Papar  Bo.  2559-88 • 

C18]  0  0  1  1  &  a  a  8.D.,  P  1  v  a  a  a  b  P.,  ItUiil  L.» 

4  aaaa  apoobroaobr?  obudj  at  bba  avaparab&on  and  ppaalpaU  of  palp- 
babrafluorobkylaaa .  Vaauun,  Bo. 3,  19*9,  a.  115*118. 

[19]  0  r  a  b  a  J.8.1  fba  sffaob  of  pxaabaaaalaf  an  bba  aoifnoa  flaab- 
avor  of  aalld  laaalabora  in  vaatun.  IB*  Poaar  Blabar  BootlBj,  Baa- 
Tork,  084,  1978,  Papar  Ba.O  78  109-8* 

C20]  0  r  0  a  a  J.P.,  Srlvaobava  K.S.1  Blob  apaad  phaba- 

srapbp  of  auxfaaa  flaabavar  of  valid  laaalabava  undar  Up1*!**  vol- 
basaa  la  vaauun.  Proa,  of  bba  T  XabarnabianaX  Bpnpoalon  an  Biaabar- 
■aa  and  Bloobrioal  Inaulabloa  la  Vaauun,  Pasaad,  Pa  load  1978,  9.307* 
-315. 

[21]  0  r  a  a  a  J.D.,  '  irivaabava  1,0, 1  Tta  afteab  of  00 

praabrsaa  on  lapulaa  flaabavar  af  laaalabara  in  vaauun.  IBB  traaa, 
aa  Bloobrioal  XaauUblaa,  Bo .9,  1978,  •*  97-108, 

[22]  0  a  a  •  a  J.9.,  itdanbai  P.8,1  tba  affaob  af  aupraua 
aoablafb  aurfaaa  flaabavar  if  dlalaabria  «p aaara  ip  vpauuu.  XBB 
Proa a.  on  llaabrloal  Xaaulabioa  la. 4,  197a,  a.  188*150. 

[29]  0  r  a  a  a  2.0. «  Pba  aaobaalan  of  flaabavar  aaresa  aolU  laauln- 
bora  la  vaoaaa.  Proo.  of  bbo  VII  ZabaaBabloaal  Spapoalua  an  Oioohar- 
fo«  and  llaabrloal  Inaulabloa  la  Vaauun,  lavaalbirak,  0881,  197*, 
u.  24-37. 

[2b]  s  a  v  1  •  a  X.B. 1  aalld  laaulatora  U  da  olaobroababla  aa para- 

bora.  proo.  af  bba  V  Xabamabloaal  Bjnpaalua  aa  Olaobarta*  an4  llaa¬ 
brloal  inaulabloa  la  Vaouun,  Foanad,  Poland,  1972,  a.  331*338. 

[23]  0  a  a  b  a  1  a  4.3. 1  Tba  alaabrloal  braakdavo  of  wall  papa  la 
vaouua,  Canadian  Journal  of  Pbrolea,  1998.  a.  078-499. 


VH-- 

/$( 


CM]  tnil|Mlll  J.,  Illotlkl.tllllilk  ll 
Surf***  ilNtili  MNiftk  of  mm1(  lanUktt  la  imw  wdu  U> 
pal**  V*1U|«  1,2/90  j»  ai  Iltimttai  nltat.  fit*,  wt  %bm  J  la- 
tomttMil  gjapiil—  —  DlMhif|M  art  UictrtHl  Xa*ul««l—  la 
VMM—,  hull,  r*i—«,  197®,  «•  919-9*0. 

C*7]  *  *  *  *  *  0.0.,  Iilflitivi  t.D.,  l  i  ■  ljkUi 

hwtuh  tii  —  iaaolatl—  la  a.*.  It|k  —It—*  — it  iwin. 
tM.  IBB  ■— u  hut  —lac,  Ui  1— lu,  OB A,  1970,  hfif  0*. 
70  02  608 -PM. 

C®*]  lilt  III  1«„  2*2  V.  —4  Iimii  1.1.1  He* 

f*lt*C*  te— fci—  • t  **2— la  la— la*—  0—4*4  *•  *1*— 1—  *l*e*r*- 
4*a.  2r*«.  *2  *0*  VI  XaM— **1«— 1  0—1—  —  UMh—ii  —  On* 
trloal  OiiUHm  la  Vm—  ,  O—i,  O.Z.,  197*,  I.  190-19*. 

C*9]  t  4  |  •  a  M„  l*ki*14ti  L  •  0  a  •  r  *  O.M.i 

In— *  *2  *l—%c*4*  •— 1—  4— lac  01*6-**  l**c*  —  0r**0- 
4*—.  IBB  t— a.  —  Xaate— tatl—  —4  B— — **,  0*.  1,  1970, 
a.  41-4*. 

C90]  2  1  a  0  •  1.0.  i  4  ataBy  *f  par— ***m  ofToatlag  *0*  a—1—  ool- 
*lc*  — *01U*lM  *2  *01*14*4  Mgatlv*  41*l«etrl*  j— **1—  trap— 
iai«lat*r*.  fra*,  tt  «M  XX  Xa«*r— *!•— 1  CgapM  1—  —  X— ala*l— 
*2  Hlco  Valtac—  la  Tm— ,  in,  08*.  1944,  a.  217-221. 

[31]  2  •  a  1  •  a  *•!.,  lif  dl*la  L.i  Blaotr—  *ala*l—  la 

la*—  *l**«al*  21*14*.  Pro*,  h;.  Cm.  Load—.  V*l.  A  119,  1920, 
*.  175-11*. 

C>2]  2*0  l.i  VO*  yr*dM*l—  csd  aalat— < a*  «2  v— a—  la  *—*>—■ 
4— «lac  9—  **01—.  V—*—,  0*.5,  1970,  a.  97-107. 

[55  ]f*7**a4a  A.,  Mi.jl  t.,  InUikl  l.i 

00  A  —  *0— laa  *2  OrcaOAo—  la  Ole*  min .  Ball**!*  4*  1*48*4— la 
2*1— ala*  4**  Col*— m.  Sort#  tea  oalonoo*  tooOalqua a,  **——  So. 
7,  I960,  1.  579-3*5. 

[3*]  0  4O4a  T.K.,  IllTHtltl  X.D.i  022*o*  *2  —01—* 
CM  pM*mr*  —  CO  l»  Or—kdo—  U  *•**—.  Pro*.  e2  «h*  VII  lat— - 
— *1— al  Ojap— 1—  —  Dia— g**  *a4  lia**rtoal  Xa*ala«l—  la  vs—, 
Bovoalblrak,  oaBB,  197*,  a.  165-140. 

[55]  llbiii  B.i  00  *or2*M  0r**0te—  o2  p— laia  lamia*—*  la 
*•««—  •*  *1*t*«*4  *— p*rat— .  Pro*.  «2  *0*  XX  Cm2——  —  Ole* 
V*X*«c*  Xuulatl—  la  v*au— ,  uwiow  U.Z.,  1971,  62-67. 

[5*3  0l*l*lii2  P.1. 1  21**trt*al  Or— 0d«—  — or  laaala*—  •  la 
OlC*  — .  Journal  *2  Appll*4  POyalo*,  O0.3,  1951,  *.  955-9*1. 

C97  ]91*l*0*u2  P.B. «  l)*«*rl«al  0r—04o—  ov*r  lMulaOar*  la 
hlCO  mi- .  Jooraal  *2  Appllad  POyalo*,  Bo. 6,  1931,  *.  766-771. 

[5*]  0  •  •  4  ft.l.  Jr.,  0  a  r  9  0  y  B.L.i  91*14  Blaal— .  BnoyOlo- 
p*41*  «2  POpiloi,  04.  0.  PIBes*,  Spring* r  V*rl*c,  1996. 

[59]  0  •  *  1  a  4  a  2*4*  0.*.,  0  •  «  0  •  a  B.t  Va«u—  Or—Mo— 

la  a—  — if  or*  *lo«*rl«  21olda.  Proe.  «2  tbo  VXX  latoz—tlonal  Bjm- 
poal—  on  Dlaohargo*  —4  Slootrloal  X— ulatl—  la  Vaou— ,  Rovort- 
Olrsk,  COBH,  1976,  *.  161-16*. 


I  I  fl  — * 
—  — 


C<KJ]  Q  P.l  Imim  Uwhliw  tw  Iiyojwu  »«hU«.  A  Wtf 

rorl.v.  Vaouua,  Mo.  7,  1968,  a.  599-998.  **** 

L^lj  fl  r  a  a  •  a  u  P.i  loonealca  at  underground  traaaal mu  -<*n 

Taal  !,,°**al0  °*Mm*  ““  *»“■•  “  *•.  ».1.  1970,  a.  1*7.’ 

j  v  a  a  a  a  u  P«,  Jeanaond  J.i  Voltage  attvn  pagf#** 

■aaaa  of  vaouua  -  iaaulatad  orjo-aable.  an  hau.  on llaaUdftgl 
Xaaulatloa,  Mo.1,  1971,  ..  59^7.  W 

[♦3J  0  r  a  a  a  a  a  p.,  Tftoapaaa  L.B.i  Tteea  tuaatta*  tf 
vaouuB  la  oxgrooablaa.  IBB  Poear  Uatii  neetl*,  Mm  Xtek.nu.197S. 

Papa*  la.  0  78  119-1,  *"T**"»f?1*'»* 

44.  Grzybowski:  Dielectric  strength  of  oiled-paper  insulation 
of  high  voltage  cables  to  the  surge  and  switching  surge 
flashovers.  Doctoral  thesis. 


45.  Grzybowski:  Effect  of  accumulation  at  the  surge  and 
switching  surge  potentials  for  oiled-paper  cable 
insulation 


46.  Grzybowski:  Effect  of  switching  surge  potentials  on  the 
strength  0.  o  ed-paper  insulation  of  high  voltage  cables 

073  Qitpkaiakl  l.i  Oiaflaa  Hkelpapl*  till- aa  anil  Aida  Agmak 
vlaagAlata  kapoaolaal  tdlfeaaulftaAgakfcel.  ludapeeat,  llekt**- 

taohalka.  Ma.a,  1969,  a. 111-118. 

48.  Grzybowski,  Polacki:  Dielectric  strength  of  saturated 
condensator  paper  at  switching  surge  potential. 

09]  Qrapftovakl  •.*»•  diaiaetelo  etrangift  of 

oapaalto*  papa*  at  aeltoftlag  aiurpaa.  P*eo.  of  aha  XX  Ooafeteaoe  ta 
fleotrlelt*,  Buoftareat,  Mu-uni  a,  WS,  ft.  1-1$  • 

50.  Grzybowski:  Electric  strength  of  condenser  tissue  saturated 
with  synthetic  oil. 

[3°J  flrapftawokl  B.t  lytiaj— lakfl  alafcti/oaaa  blftuikl  toadan- 
aatonnj  aaapoaaaj  olejo-  a^alaUpoaap-.  ft-mt  BiWwIwtaHny, 

Ma.k,  197ft,  a.  21J-S16. 

QJ1]  Srapbaiakl  S..  IHitk  J.P.O.,  f  HIM  ft  tJ.i 
Tba  dieleoftrlo  strength  of  aapaalftot  papa*  4"T~*t— *r*  with  aakftrtl. 

XMSI  Tsana,  as  Mleotrlcal  laauUlloo,  la .4,  197ft,  a.  197-141. 

OS]  0  r  1;  b  a  t  a  k  1  8.,  X  a  t  t  a  1  I.,  I  a  I  a  ft  ft  J.P.O.i 

Tfta  flaahoter  voltage  of  pelp-athplaathaexpleta  1ft  vaouua  ttartft*  <U- 
*ao«,  alternating  and  auxge  voltagea  of  various  freak  durgtlaaa. 

HU  8u—a*  Poaar  Meeting,  Portland,  QSA,  1971,  Papa*  «*.<£  7J  tftf- 

•Mitt 

09]Q*«Pftftftaki  I..  Iftffal  *.,  M  a  I  •  ft 

The  flaahover  voltage  af  polpaethplaethaerplete  la  veofttat  unde*  41* 
raet,  alternating  and  au*(a  voltages  of  various  front  duration*, 
htt  Trana.  on  Mlaatrleal  Inaulatlan,  la .ft,  1972,  a.  180-189. 

[9ft]  0  1  i;b  t  1  1  k  1  8.,  Iftffal  8.1  ftlaotrlo  aurtaaa 

atrangth  af  hlgb-voltaga  laaulatoro  In  veauun.  OS  Tiftna.  an  7 AS, 

*0. 5,  1980.  a.  17*8-4794, 


-^5- 

[35]  0  i<  i  }  M  i  i  t  1  I. •  0  p  7  4  a  t.i  The  latluano*  at  an  la- 

aalatlag  *Mt  aa  lk«  ilHtNdii  oa  thi  dlilitlhe  at  tr* 

•ana  cap*  at  30  Hs  nltarnatlag  Teita*#.  Froc .  at  tb#  PZ  zatarna- 
tloaal  SpapaalM  on  Dlaohargta  aad  tlaotrloel  Zaaolatlaa  la  Pmuub, 
fcraaaaa.  0.1. .  197*.  a.  MO-219. 

56.  Grzybowski,  Opydo:  The  effect  of  conditioning  on  value  of 

the  current  of  field  emission  from  electrodes  and  on  strength 

of  vacuum  gap  at  alternating  potential  50  Hz. 

p8]  tf  sykanki  •.  I  0  p  y  4  a  t.i  0  apljvia  koadyojea*- 

aaala  aa  aavt*44  pr%4tt  aolajl  palaatj  a  *l#uue4  1  aptmTaaloial 
prtaxap  prdtaioaoj  prap  aaplpolu  prtoalannjn  90  Ba.  Pra*cl*4  H*k- 
toataakalaaay,  Pa.10.  197**  a.  ***-**4. 

C57j«a.i4*a  Kif.t  O.A..  z....k...4*. 

a.O.i  1  a  1  a  a  a  8.O.,  A  g  a  a  a  o  t  a.i  6cm  laToatlga- 
tiaaa  at  Ale*  Taltag*  aaaaaa  laaalatlaa.  Preo.  at  the  VIZ  Interna¬ 
tional  8japo*lan  aa  Olaateccaa  aad  Xleetrloal  laaalatlaa  la  Paouua. 

Bor  aa  lb  Irak,  OBU,  1978.  a.  882-289. 

CJ8]  Ilalad  l.i  ObaxfllakaaaatlaAaagaa  tbar  Iaolatorea  la  ▼*- 
oooa.  Pitta  Xataaaatlaaal  Oongreo*  for  electron  Mioroaoop*  **•  lock. 

08A,  1962.  rat.  D>1}. 

[39]  8  a  #  1  a  7  8..  S4kp  A.A.*  8  14  1  a*  8*2.8.  t  Znaula- 

tlac  propartlaa  at  kick  vaaaaa.  Proa.  ZB.  8a. 6.  1969*  *.1297-12*8. 

[60]  8  a  •  1  a  p  B.i  8*114  laaulatora  la  vaoaaat  a  min.  Paouua,  Ba. 

7.  I960,  a.  389-990. 

[Mj  I  I  •  1  a  7  8..  X  a  k  7  A.A.i  Oaaduotlaa  aad  bxaakdoan  la 

hick  taouun.  Procraaa  la  41*1* etr lea.  Pal.  7.  La adoa,  1967*  a.119- 
-219. 

0S2]  8*7*4  8..  fallal  0.8.1  Paouua  bxaakdoan  at  a  flas*4 

aaraala  aurfaoa.  Proo.  ZB,  Ba.9.  196*.  a.  600-40*. 

[83]  8  •  a  a  t  a  a  i.T.i  Tha  taaparataxa  dapaadaaa*  at  alaotxea  aadar 
kick  tla!4a.  Pkpa*  Bar.,  Pal.  99.  1989.  a.  961-969. 

[86]  244786k  L.i  Paaoua  laaulatloa  at  kick  Toltag#  utllliiag 
dlalaotrle  aaatad  ala«txo4*a.  Journal  ot  AppllaA  Pkpalaa.  Ba.  6. 

19W,  a.  1727-1793. 

t>5]  i  «  a  k  a  1  a  v  1  a  «  J.,  Baaarak  8.,  »7*n  A.* 

tka  aftaot  at  tk*  noabar  at  apaaar  laaulatera  oa  tka  braakdaaa  toI- 

t*c*  at  Taeuua  laaalatlaa.  ZB8  Tran*,  oa  Ilaetrieal  Znaulatlae,  8b. 

8.  1979,  a.  107-110. 

[<l]  JaakBlavlaa  J.,  t  7  a  a  k  A.i  Poltac*  oadoraao* 

taat  at  Taouun  laaulatloa  tor  orTooablaa.  ZB8  traaa.  aa  Blaatrloal 
Zaaolatlaa,  80 .6,  1979.  •«  1 16-118. 

[8^J  tillitikli  Z.Z.,  Kaaalrav  0.8. 1  Aa  inveatiga- 
tlea  at  palaa  tlaahorar  at  aoaa  aol&4  dielectric*  la  tcouub.  Sonet 
PkTalaa-taahaloal  Pkyalea,  8a.  0,  1969.  a.  1197-11*0. 

[68]  Udlre?  0.8. ,  8  a  a  7  a  t  a  o.A.t  Breakdown  aaoka- 

alai  of  abort  Taouua  gap*.  Soviet  Phyoloa-Teohnloal  Phytic*,  Ho.  8, 

1989.  a.  11*1-11*5. 

[89]  Xtailrota  0.8.,  T  u  •  0  T  a  H.K.  I  On  quaatloa  about 

blaatrloal  breakdown  on  aolld  Alolootrlo  suxfao*  In  Taouua.  Proa. 


-  jc&r- 

l6<f 


a f  tba  VI  International  Bpnpoaiua  on  Olaabargea  ut  U- 

"  aulatloa  is  Vaeuua,  teiun,  U.K.,  1974,  a.  199-197* 

[70]  litiimi  J  •  ,  1 1 1 1 1  k  i  s.  1  Cbareoteriatlag  ft  u- 

pulae  aro  dlaohargee  aaroaa  abort  gape  to  vaeuua.  Ileetrlou}  |pgi- 
aeertog  to  Japan,  la .*,  1949,  a. 13-20. 

[?1]  *»<  a  H  H.J.i  Pbeaoaeaa  at  the  aatal-dlaltotrlo  Junotloae  at 
high  voltage  toaulatara  to  vaeuua  and  aa^etlo  field.  aZIV  Trane . 
as  PAfl,  I960,  a.  991-999* 

[72]  litoU  M.J.i  ktfeet  at  aotal-dlaleotrle  juaotloa  pbtaoaeea 
aa  higb-voltage  breakdown  aver  Inautotagg  to  vaouua.  glB  $nm« 
aa  PAS,  I960,  a.  999-1004. 

[75]  JCoadretav  O.Z.i  breakdown  aaroaa  toauletera  to  Taouua  to 
ualfoxa  aXaatrlo  field.  Proa,  0 1  too  V  international  aa 

Dieebargea  aad  Ueotrleal  Insulation  to  Veoeua,  fognab,  fatoa^,197^, 
a.  2*9-29*. 

[79]  t  a  a  d  *  a  t  a  v  O.X.,  Uiaktaika  T.*»,  I  Df  l  < 
kit  I.P.i  Iavaatlgatlea  at  the  iafluaaoe  at  a  0 barge  eoeueu- 
lated  oa  a  auxf aoa  oa  tha  alaatrla  strength  at  toaulatara  to  veouae. 
Proa,  at  the  VII  lataraatleaal  Spapoalun  oa  Olsobargaa  and  Slap- 
trlaal  insulation  to  Vaeuua,  Novosibirsk,  U88B,  1976,  •  2U1-26*. 

[75]  laattliiko  v.M,«  investigation  at  aa  aoouau.  at -op  at  9 
obarga  oa  dlelootrlo  and  aatal  surfaces  to  taouiaa  uada*  tba  option 
of  tloaa  at  abargad  patrloloa.  Proa,  at  tba  TXZ  Intenetlonpl  Bja- 
poeiua  oa  Dlaohargee  aad  Nleotrloal  Insulation  to  Vaouua,  lovoal- 
blrak,  uasii,  197«,  a.  357-860. 

[76]  tut  fai  Qrapbanabl  8.,  8  a  M  a  t  b  J.t.O** 

breakdown  aoroaa  insulation  aurfaoo  to  voouua  uadar  dlroot,  elter- 
aattog  and  aurga  voltages  of  various  im  abapa.  Proa,  ot  tba  XV  B»- 
tarnatlooal  Syaposlun  ot  Olaabargaa  and  llaetrloal  XaaulatlaB  to 
Taouua,  Waterloo,  Canada,  1970,  a.  237-391. 

[77]  X  u  f  f  a  1  Gripboaakl  8.,  U  gar  to  R.B.i 

Plaahovar  aoroaa  Inaulatloa  aurfaoo  to  Taouua  uadar  dlroot,  alter¬ 
nating  aad  aurga  voltagaa  of  various  save  shape  a.  Proa,  ot  2nd  Caa- 
faxonoo  of  High  Yoltaga  Inaulatloa  to  Taouua,  London,  i971  ,a.*3-*5. 

[?a]  Kuftol  i..  Grsjboaakl  8.,  llgart*  B.8.  t 

Tlaaborar  croon  polyethylene  and  totrelluoroetbyleoa  aurfaoaa  la  va- 
ouua  uadar  diraot,  altomattog  and  aurga  Toltagaa  ot  varloua  ’ave- 
abapoa.  Journal  of  Physios  Di  Applied  Pbyslo,  London,  1972,  O.J75- 
-579. 

[79]  K  u  t  f  a  1  £.,  Grsybooski  8.,  Ugartp  8,8.1 

Suxfaoo  flaabovor  obaraotarlotloa  of  polyethylene  aad  tstrpfluo- 
roothplon*  la  vaouua.  Proa,  of  tba  T  International  Sjapoalua  op  Ola- 
obargaa  and  Nleotrloal  Inaulatloa  to  Vaeuua,  Poanab,  Poland,  1973, 
a.  927-550 . 

[uO]  tutfol  8.,  Matsuyana  M.i  kffaot  of  taaparaturo 
on  tba  aurfaca  breakdown  of  aolld  toaulatara  to  vaouua.  proa,  of 


-  44rr~- 
fSS 


the  VZ  Xn8aiaa81oarl  gpapoalua  on  DiooOnrgoa  ud  Ilootrlool  XnauU- 
tlon  is  Toouua,  Baanaaa,  O.K.,  197%t  •.  185-189. 

[81]  I  u  t  t  8  1  In  M.i  Tbo  tlukaru  to  It ago - 

toaporoturo  rolatlonaklp  for  p;ni  gloat  la  Toouua.  ZXB  Suaaar 
Pooor  Mooting,  goa  Proaoiaoo,  8MA,  1975,  Fiptr  la. A  75  593-8. 

[82]  It  1  9  8  1  a  H.P.,  ■  8  1  8  a  a  J  V.T.t  Ilaa8roa  aalaaloa  pro- 

nntlng  al ootrl r tiT  brookdoan  la  toouub.  J.lppl.Fk^.,  Tol.56,  196}, 
a.  2850-8655. 

[85]  l  1  a  ta  1  l;t  W  a  ai  a  Ilaktlia  D.J.i  Mo- 

ehoalaa  at  flold  lndueod  aalaalaa  fron  oold  alao9rodaa  la  gaaaa. 

Proo.  T  Za8.  Oortf .  am  Zaalaa81aa  rhaaoaaaa  la  Onaoa,  Munich,  Qor- 
aaai.  1981.  8.  1179-1188. 

34.  Mazurek:  Surface  changes  on  insulator  under  the  action  of 
a  strong  electric  field  in  vacuum  and  their  effect  on 
flashover  voltage. 

85.  Mazurek:  Effect  of  incomplete  discharges  in  vacuum 
on  voltage  of  surface  flashover  in  vacuum  -  Summary. 

86.  Mazurek:  Effect  of  changes  of  the  state  of  insulator 
surface  caused  by  use  in  a  strong  electric  field  in  vacuum 
on  the  voltage  of  surface  flashover.  Doctoral  thesis. 

[87]  ■  o  a  a  r  a  k  B*.  ?  pi  in  A.i  Changoa  on  lnaulotor  aurfooa 

rad  or  tho  influano#  at  strong  oloetrlo  flold  Toouua.  Proo.  of  tho 
TXZ  International  Spapoalw  on  Dlaohorgao  and  (lootrlool  Xnaulation 
in  Toouua 1  Roroaiblrak,  USSR,  1976,  a.  285-269. 

[88]  Hlohgl  1  it  T.D. ,  IlikoTakipi  I. A.,  Bill* 

J  i  #  8.P..  8.8. I  SlTkOTI  A.T.I 

Ttaa  lnfluaaoo  of  tho  aothodo  at  olaotroda  joint  with  loaulo8or  oa 
olootrlo  Otrongth  of  alagla-gop  of  oooolorotlng  tubaa.  Proo.  of 
tho  V  Infeaxsotloaal  Spapoalua  on  Dlaohorgaa  and  Blaotrloal  Inaula- 
tloa  in  Toouua,  Pound,  Poland,  1972,  a.  505-548. 

[89]  M118on  O.i  Poland  floahorar  of  laaulcvora  In  vaouua.  IkGX 
Prana,  on  8loo8rloal  Znoulatlon,  Bo.1,  1972,  a.  9-15- 

an.  Moscicka:  Optimization  of  the  shape  of  high  voltage  insulator 
for  alternating  potentials  working  in  vacuum. 

ol  .  Moscicka-Grzesiak,  Gorczewski:  The  effect  of  material  of 
electrodes  and  of  their  treatment  on  surface  strength  of 
insulators  in  vacuum. 


[92]  ii  t  t  o  i  «  u  >a  m  *  i  Uk  B.t  ZafHnuot  of  so  la 
fUahovar  otroaptb  la  vaoaua  bp  dlo loo trio  ooatlag  at  til  ralavobt 
iliotntei.  Proo.  it  (la  T  ZituuUml  Bpapoalua  of  filaabarfta 
wd  siaotrlaol  ImuUUh  la  Yionun,  faaaad,  PoUad,  1971,  ■«  555- 

-53*.  ,  .. 

93.  Mosclcka-Grzesiak:  The  problem  of  electric  surface  strength 

of  materials  and  high  voltage  systems  in  vacuum. 


[90]  |  o  *  a  t  •  k  a  -  a  f  *  •  •  i  •  *  *•*  ^ 

aa  la  taouua  far  1ml atar-alaattodaa  awaadiaamt  aatrtai’-f  aa  *» 
aulator  balfbt.  M«.  Ia«o»atiaaal  Spapatlu*  «  fm 

•aarcaa  aad  Uaotrloal  XnaiOatloa  la  Vaoaua,  lotoamm, 

P  J  of  nltoblat  iu|U  oa  laprapaatfd  tapaaltor  W«  l*a«Oa91J»,  W 
WtaX  Hunt  of  Goaf  oroaot  oa  liootrlool  Xatalatloa  aad  ®^*^**" 
trio  pbaaoaaaa,  rational  iatdooy  «f  ftalaaatt,  iMblnftop.UDA,  1971. 

roal  a  a  b  a  a  a  Q.S..  4ip»U*»l»M*  H*T*' 

^  3  Nothod!  of  laproTUn  tba  broakdooa  f*lta«a  ««  aoUd  ^lalaotrloa 
T!Zm.  £.  a?*.  T  latasaatlaaal  H^Ui  •  "TS* 

•ad  ilootrloal  laaulatlaa  la  Taouua,  *•«•*»  TeUad.  197*,  >59 

ft?!  o^k  1  Xe,  o  t  a  u  k  a  >•*  T  a  k  a  k  1  *•»  °®  lha  !•- 

L9?J  puJJ  aurfaoa  fUitem  of  aoao  aoUd  dlalootrloa  1#  taaaap.  fkaaa. 

mat.  Ilaot,  kaf •  Japan,  1975.  a.  ««»?•  _  #  #  .  ,  -  , 

[98]  op,  do  Orapbaaakl  8.,  *  •  *  *  •  1  **' 

L  fiuasoo  of  to.  thlokaoaa  of  a  diala otrlo  lap**  dapaaltad  aa  tha 
aurfaoa  of  alootrodaa  aa  tba  iaauUtla*  propartlaa  of  aaouua  IM 

oa  Dlaobaxfoa  aad  Hootriaal  laaulatlaa  la  tat#*.  »adbaatj»,  H- 

tbaclaada,  1980,  a.  08-5**  .  .  _  h  _  ,  .  ■», 

[991  Partbaaarntdp  0.,  flapalakr^ab  8  *  •  • 

L  ^  Broakdoaa  oror  oolld  dlalaoUloa  la  hl«b  vaoooa  at  pat*  ***»“•••» 
wlto«oa.  »oo.  of  tba  Y  lataraatloaal 

llooirloal  Inaalatloa  la  faauua,  PoanaA,  »®la*dt  1978.  »•  SJJ***J* 

[100]  8  a  a  a  C.A. «  Boaa  f aaturaa  of  baaa-bandllai  •va*"*®V  ?°*  ^ 

CUUI  proton  apaohrotroa.  lataaaatloaal  Ooafaraaoa  98  ^**'"*a**' 
tloa  for  Blpb  barn  Pbpaiaa,  lartolap,  0*.  1W*  J*  *» 

[101]  a  •  a  a  *  p  O.i  It  ado  daa  pbaaoaaaaa  pradlaxuptif*  It  Xo«f  4  » 

L  uolaat  daaa  la  vlda.  Proo.  of  tba  XXX  lataraatloaal  *•*•*»*  » 

Olaoharpaa  aad  llaatrloal  XaauUtiaa  la  faauaa,  Paplf,  IJlfCa. 
a.  208-255. 

102.  Seidel,  Kutzner,  Zalucki:  Insulating  properties  and  mechar.i 
of  electrical  flashovers  in  vacuum. 


-  j^r- 

t$l 


103.  Seidel,  Moscicka-Grzesiak:  Effect  of  dielectric  coatings 
on  surface  strength  of  insulators  in  vacuum. 

£10*3  Ikllitl  J.R.,  Mill)  8.V.,  (nip  J.O.t 
Insulation  of  high  roltsgo  uicii  aolid  Insulators  la  Tuna. 

Journal  of  Taocuai  flolonoo  and  Taohnology,  Ro.2,  1965.  0. 

£1033  *  •  1  t  b  X.S.t  Puloo  breakdown  of  Insulator  oorfoooo  la  a  poor 
Taouua.  Proo.  of  tba  x  international  Syapoalua  oa  Insulation  of 
Higb  Toltagsa  la  Taooua,  I  XT,  081,  1%*r  o.  261-280. 

£10*3  1  1  I  t  ko  t  x.a.t  Told  prsdaaastmjusaoaia  alsktrlososkoau 
proboja  it  oakuualo.  luraal  Too bn.  Tlaikl.  Ro.11,  1967,  a.  2015- 
•2020. 

D073  tllTkoi  X.l.t  Rloktroiaoljaolja  i  rasrjad  •  oakuualo.  Moo- 
k»a,  Atoaiadat,  1972. 

£1083  Itif  aitai  a  K.D.t  Support  lnaulatora  for  blab  to  It  ago 
apparatus  la  Taouua.  Rutborford  High  Mnsrgy  Laboratory  Raport, 

RHZVS  126,  London,  1966. 

£1093  SrltaotaT*  X.D.i  Rio  ctrl  oal  dliobargua  on  iMUlattn 
surf son  in  oaauua-rooant  obaoxnatloaa .  Prwo.  of  tba  XX  Into natio¬ 
nal  Syuposlua  on  Xaaulatlon  of  High  Toltarjos  in  Taouua,  MX*,  08 1, 

1966,  «.  229-249. 

£110]  SrliaitiTa  K.D.,  Do  Tourroll  0.1  Blaotrlaal 
breakdown  aoroaa  ooraalo  aurfaooa  la  blab  Taouua  undor  d.o.  and 
pulaa  voltaaaa.  Proo.  of  tba  XXX  Xabanatloaal  Synpoaloa  oa  Dld- 
ohargos  and  Rlaotrlonl  Xaaulatlon  la  Taouua,  Farlo,  Proaoo,  1968, 

«.  243-267. 

£1113  stlTittaia  R.D.,  0  »  »  a  a  J.D.,  *  b  a  y  a  r  0.  R.t 

Photography  of  pulao  f loabovar  of  onldo  ooatod  Insulators  la  Ta¬ 
ouua,.  Proo.  of  tbo  TXX  Xntornatloual  Syaposlua  on  DlsohargaS  nd 
Rlootrloal  Insulation  la  Tnouua,  loToalblrak,  088R,  1976,  a.  243- 
•246. 

112.  Strzalkowski,  Slizynski:  Mathematical  methods  of  treatment 
of  the  results  of  measurements. 

£119]  Sadarahan  T.8.,  0  r  0  a  a  J.o.t  DC  slaota&oal-flald 

aollfloatlona  produoad  by  solid  lnaulatora  brU|la|  a  uniform-! laid 
taonua  gap.  XRKI  Trios,  on  Rlootrloal  Xnaulatloa,  *0.4,  1 973, a. 122- 
-128. 

£1143  e  udarflban  T.8.,  Cross  J.D.t  Tba  affaot  of  ohro- 

alua  oalda  ooatlngs  oa  aurfaoo  f laaborar  of  alualna  spasars  la  ti- 
ouioa.  XRB  Trans,  oa  Rlootrloal  Insulation,  Ro.1,  1976,  a.  32-39. 

Cll5j  Saluki  T.t  PlaaboTtr  to  It  ago  ovtr  ooraalo*  la  high  Tnouua. 

Jupanaaa  J.  ippl.  Pbya.,  Ro.10,  1974,  a.  1541-1946. 

£ll63  8  t  1  f  t  D.A.t  8oao  posslbls  oonaoqutnooa  of  olootrleal  braak- 
dcwa  oithia  Tnouua  laaulntod  powar  eablos.  Taouua,  Ro.  11,  1968, 

i.  925-5*5. 


-  o#r- 
16S 


[11?]  S  v  1  a  j  1  a  M.P.,  0  i  *  k  o  v  a  A.*.,  lalrm  X.V., 

K  r  •  b  o  v  V.V.t  Oa  tba  orf oet  of  tabulator  aotorlol  sad  obapo 
uDon  oiootrlo  strength  of  vaouua  gap.  Pzvo.  of  the  V  International 
Syapoolua  oa  Dlsohargaa  and  kla  Ctrl  eel  Iaouiatioe  la  Vaauua,  Peg- 
aad,  Poland,  1972,  a.  901-305. 

[lid]  teurrell  C.H.,  Irlvaatava  K.D.i  Surfaoa  ohar- 
|oi  and  high  voltage  breakdown  aereao  insulatoro  la  van  two,  proo. 
of  tbo  XV  Intozaatloaol  gjapoelua  oa  Dleobargeo  aad  Ileetrlaal  la- 
oulatlea  la  Voouiai,  iaterlco,  Osaada,  1970,  a.  251-257. 

[119]  t  o  u  rr  e  IX  O.M.,  Srlvastave  K.D.i  A  stud?  «f 
tbo  olaotMoal  ebarglag  of  tbo  surfaoa  of  laaulatero  la  vaouua. 

Proo.  of  tba  V  Xaternatloaal  Sjapoalua  i*  Dlaohargea  tad  Kleetrlaal 
IaaaXatloa  la  Vaouaa,  PosaaA,  Poland,  1978,  a.  895-399. 

Ciao]  fourroll  C.B.,  Irlmttia  K.D.,  •  0  a  X  k  0 

O.J.i  teperlaaatal  obaorvatloa  of  aurfaoa  obargiag  of  high-voltage 
Insulatoro  for  vaouua  epparatuo.  XU  traao.  oa  IXaotrloaX  XaauXa- 
tloa,  >o.A,  1973.  a.  175-179. 

[131]  9  o  u  r  r  a  l  X  Q.B.,  tiliiatava  K.O.i  Hoabaalaa 

of  aurfaoo  obargiag  of  hlgh-voltaga  laauXatoro  la  vaouua.  ISIS 
Traao.  oa  llootrtoal  XaauXatloa,  lo.l ,  1973,  a.  17-31. 

Cl22]  t  p  a  a  a  A.  1  AC  flaabovar  voltage  la  vaouua  for  dlfforoat  alao- 
tredo  dlaaotora  and  dlfforoat  proaaura,  Proo.  of  tbo  YXX  Xatoraa- 
tloaaX  Bjapoaloa  oa  Dlaobartaa  aad  SXootrloaX  XaauXatloa  la  Va¬ 
ouua,  Bovoalblrak,  UBBB,  197*.  a.  390-375. 

123.  Tyman:  Effect  of  the  action  of  selected  components  of  vacuum 
insulation  with  step  insulators  on  its  electric  strength. 
Doctoral  thesis. 

Cl3u]  v  a  X  k  o  r  O.B.,  X  0  o  1  a  S.X.  1  Vaouua  breakdoog  la  dla- 
Xaotrlo-Xoadad  oave-guldao.  laturo.  1958.  a.  38-59* 

125.  Wankowicz:  Surface  strength  of  solid  dielectric  in  vacuum, 
at  low  temperatures,  with  particular  consideration  of 
impulse  potential. 

[1361  «  a  t  a  o  a  A.,  Bbaaaoa  J.t  PuXaad  fXaabovar  la  va¬ 
ouua.  Proo.  of  tbo  XI  Xa  to  national  SjapMlua  oa  XaauXaVloa  of  High 
Voltagea  la  Vaouua.  kit,  DBA,  1966,  a.  395-357. 

[127]  V  a  V  a  0  a  A. 1  PuXaad  f laabavgr  Xa  vaouua.  JouraaX  of  AppXlad 
Pbpslea,  N0.5,  1967,  a.  3019-3033. 


A? 


PUBLICATIONS  OF  POZNAN  POLYTECHNIC  UNIVERSITY 

MONOGRAPH  SERIES 

No.  88.  Kazimierz  S.  Kasprzak  -  Nickel  sulfide  Ni2S2«  Chemistry, 
applications,  carcinogenic  activity.  1978 

No.  89.  Wlodziaierz  Gasowski  -  Studies  of  the  effect  of  thermo¬ 
chemical  treatment  on  wear  resistance  of  sprayers  of 
injection  valves  of  high  compression  engines.  1 978 

No.  90.  Stanislaw  Woelke  -  Dynamics  of  pneumatic  striking  tools 
with  particular  consideration  of  the  possibility  of 
limiting  their  vibrations.  1978 

No.  91 .  Oleg  Kaplinski  -  Harmonization  of  cyclic  construction 
processes  from  a  stochastic  viewpoint.  1978 

No.  92.  Kazimierz  S.  Kasprzak  -  Problems  of  metabolism  of 
carcinogenic  compounds  of  nickel.  1 978 

No.  93.  Janusz  Walczak  -  Method  of  calculation  of  the  flow  of 
nontight  factor  in  parallel-disc  paddleless  diffusor 
for  model  with  developed  wall  boundary  layers.  1978 

No.  94.  Antoni  Stasch  -  Theoretical  aspects  of  utilization  of 
Raman  spectroscopy  in  studies  of  the  interaction  of 
magnons  with  conducting  electrons  and  fonons.  1978 

No.  95.  Jozef  Grabowski  -  Fikobiliproteids  and  their  natural 
complexes  -  fikobilisomes.  Structure  and  migration  of 
the  energy  of  electron  excitation.  1978 

No.  96.  Juliusz  Poltz  -  Analysis  of  auasi-stationary  electro¬ 
magnetic  field  by  iteration  methods.  1978 

No.  97.  Danuta  Turzeniecka  -  Current  compensators.  1979 

No.  98.  Boleslaw  Mikola jczak  -  Generalized  periodic  transformatio 
of  finite  automatons.  1979 


/Oo 


No.  99.  Zbigniew  Mejbaum  -  Chromatographic  and  s pec tro photo¬ 
metric  analysis  of  the  mixture  of  monohydroxyl  phenols 
occurring  in  water  and  sewage.  1979 

No.  100.  Witold  Wolowicki  -  Problems  of  calculations  on  reinforced 
concrete  bridges  with  quasi-static  exceptional  loads.  1979 

No.  101.  Jan  Gronowicz  -  Optimization  of  the  consumption  of 

fuel  in  the  process  of  use  of  Diesel  train  engines.  1979 

No.  102.  Michal  Szweycer  -  Refining  of  aluminum  alloys  in  mills 
and  application  of  vacuum  degassing.  1979 

No.  103.  Stanislaw  Warchalewski  -  Programming  of  housing  invest¬ 
ments  on  regional  scale.  1979 

No.  104.  Jacek  Blazewicz  -  Calculation  complexities  of  algorithms 
and  problems  of  grading  tasks.  1979 

No.  105.  Ryszard  Nazar  -  Concept  of  historical  materialism 
in  views  of  Ludwik  Krzywicki.  1979 

No.  106.  Mieczyslaw  Kawalec  -  Physical  and  technological  problems 
in  treatments  of  small  thickness  of  cut  layer.  1 980 

No.  107.  Wlodzimierz  Waligora  -  Studies  of  quality  of  roller 
bearings •  1  980 

No.  108.  Andrzej  Ryzynski  -  Limiting  states  of  use  of  concrete 
bridges.  1  980 

No.  109.  Jan  Materniak  -  Radial  extrusion  of  metals.  1980 

No.  110.  Dominik  Senczyk  -  Analysis  of  sources  of  errors  and 

experimental  determination  of  the  precision  of  measure¬ 
ments  of  macrostresses  by  X-ray  methods  on  selected 
polycrystalline  materials.  1 980 

No.  111.  Andrzej  Litewka  -  Plastic  anisotropy  of  perforated 
materials.  1 980 


/w 

No.  112.  Jerzy  Deabczynski  -  Studies  of  structure  of  complex 

atoms  on  example  of  atoms  of  iron  and  bismuth  group.  1 980 

No.  113.  Andrzej  Szambelan  -  Process  of  formation  of  professional 
division  of  work  in  industry.  1980 

No.  1 1  if .  Roman  Slowinski  -  Algorithms  of  control  of  the 
division  of  reserves  of  various  categories  in 
operation  complex.  1  980 

No.  115.  Jerzy  Glowacki  -  Study  of  estimate  of  work  conditions 

of  main  bearings  of  Diesel  engines  based  on  measurement 
of  temperature  of  bearing  pans  in  steady  and  unsteady 
states.  1980 

No.  116.  Jerzy  Rakowski,  Romuald  Switka  -  On  certain  generali¬ 
zations  of  the  method  of  proper  functions  in  application 
to  discreet  elastic  systems.  1  980 

No.  117.  Eugeniusz  Milkowski  -  Near-electrode  losses  of  potential 
in  canal  and  admitting  energy  to  electroenergetic 
network  depending  on  system  of  connections  of  electrodes 
of  magnetohydrodynamic  generator.  1 980 

No.  118.  Ryszard  Dziecielak  -  Propagation  of  discontinuity  waves 
in  porous  medium  saturated  with  liquid.  1 980 

No.  119*  Zdzislaw  Chojnacki  -  Surface  loading  of  horizontal 
lines  and  heating  turnings  under  conditions  of  free 
and  forced  convection  in  air.  1  980 

No.  120.  Czeslaw  Oleskowicz-Popiel  -  Axisymmetric  free  and 
striking  stream.  1 980 

No.  121.  Andrzej  Presz  -  Study  of  cooling  of  cylinders 

of  a  slow-rotating  ship  engine  ,  with  consideration 
of  the  effect  of  design  and  use  of  the  cooling  system 
on  changes  of  work  conditions,  and  the  connected  with  it 
safety  aspects  of  cylinder  systems.  1980 


/*> 

No.  122.  Zbigniew  Kierzkowski  -  Models  and  synthesis  of  programming 
of  the  systems  of  computer-aided  planning.  1980 

No.  123.  Stanislaw  Poplawski  -  Catholic-social  movement  ODiSS. 
Origin  -  development  -  program.  1 9$1 . 


-Jr &r- 

/(,S 


sumoi  inomzo  sirs nn  or  mwiopustic 
mntuia  z>  taooom 


fteeplte  the  wide  application  of  ttstaa  and  Uu  tiawoui  atudles  pre- 
i«M  U  Ibl*  doaain,  tkui  la  no,  till  aot,  tM  mmllj  aooepted 
theory  explaining  the  flaabover  aeohanlan  alone  tho  solid  dielectric 
la  faouua.  This  work  olnsrlfy  aad  aaalyoo  tba  lafluanoe  of  various  ele- 
Mta  an  the  flaabover  »•«*  olon  and  on  tba  eleotrlo  strength  of  vaeuua- 
aolld  dloleotrlo  eyatea.  1  particular  tba  lafluaaoa  of  proa aura,  aanpla 
longtbt  aatalllaatloa  ef  alaetrodo  -  aanpla  oantaat  surfaoos  and  oondi- 
tloalnt  footers  la  praaontad  on  tba  bnala  of  tba  author  orparlaanta. 

Tba  experimental  raaulta  of  aurfaaa  eleotrlo  strength  of  thermoplastic 
antarlnla  (polyaethyl  msthaorylata,  polytetrafluoroethylea,  polyethyle- 
na)  aubnlttod  to  svltohlng  aad  surge  overvoltages  are  given  and  analy- 
aad  la  ralatlon  to  tha  switching  aurga  nun  bar  aad  its  nave  front  dura¬ 
tion.  Tba  theory  of  tba  flsshover  naohaalan  along  tba  Investigated  aa- 
tarlala  in  vacuus,  ala bo rated  by  tba  author t  la  praaontad  aad  tha  ana¬ 
lytical  expression  for  flaabover  voltage  as  tba  fonetlon  of  snitching 
surge  nave  front  duration  la  given • 

Tba  Investigation  of  flaahover  naohaalan  una  eonplatad  by  tba  aeaeure- 
aant  of  solid  dlolaotrloa  aurfaoa  degradation  into.  Tba  analysis  of 
suoaeodlng  avltcblng  aurgao  development  in  oaolllograph  records  la  pra- 
santad  together  with  tba  ploturas  of~eolld  dielectric  dlatroyad  ourfa- 
oao  after  f laahovara  at  d.c.  or  a.c.  voltage  taken  by  olaotron  micro aco- 
P«. 


